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Abstract 
 
A set of reliable, one-pot reactions have enabled the preparation of a wide variety of 
novel bidentate (and potentially monodentate) ligands bearing a combination of P, N 
and C atoms across the backbone. The coordination capabilities of these phosphines 
have been explored with a variety of transition metal centres including PtII, PdII, RuII, 
IrIII, AuI and Cr0 confirming the versatility of this group of compounds when acting as 
bi- and monodentate ligands as well as the ability to bridge two metal centres. 
 
Reaction of a substituted hydroxymethylphosphine (R'2PCH2OH) with a primary amine 
in methanol gave the diphosphine ligands R'2PCH2N(R)CH2PR'2 including a PCNCP 
backbone. The steric and electronic properties of these ligands were tuned by the simple 
interchanging of the R/R' substituents attached to the P and N atoms. These compounds 
have been fully characterised by spectroscopic and analytical methods and reacted with 
transition metal precursors of the type MCl2(COD) (M = Pd/Pt) to yield complexes 
incorporating six-membered chelate rings. In addition to the aforementioned symmetric 
PCNCP ligands, the new non-symmetric ditertiary compounds Ph2PCH2N(R)CH2PAd 
were prepared using a three-step sequence of condensation reactions. 
 
Novel ligands incorporating a PCNP backbone were synthesised via a single 
condensation reaction between Ph2PCH2OH and a primary amine to give the secondary 
aminophosphines Ph2PCH2N(H)R. Deprotonation of the secondary amine followed by 
addition of neat R'2PCl resulted in the formation of the ligands Ph2PCH2N(R)PR'2. This 
group of compounds was characterised utilising similar techniques to their PCNCP 
analogues with their coordinative capabilities also assessed. 
 
The catalytic properties of a select group of the diphosphines prepared, when 
coordinated to a CrIII precursor, were analysed at Sasol Technology (Pty) Ltd under 
their standard conditions for ethylene oligomerisation reactions. Initial results 
established that ligands were effective as catalysts with the exception of those 
incorporating phospha-adamantane cages. Ligand 3.8 with a PCNP backbone was found 
to be comparable, in terms of activity, to Sasol’s current PNP tetramerisation systems. 
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CHAPTER 1 
 
INTRODUCTION 
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1.1 General Phosphine Chemistry 
 
The chemistry of PIII containing compounds is centred on the lone pair and its availability 
for forming new bonds with transition metal centres providing great uses in the field of 
catalysis. The geometry around the P atoms of these compounds is pyramidal, as would be 
expected, and due to the slow nature of its pyramidal inversion, with respect to the nitrogen 
analogue, the structure can be said to be fixed. The ease at which substituents attached to 
the P atom can be interchanged indicates that the steric and electronic properties of a P-
containing ligand can be altered to suit a specific application. In particular a large amount 
of research has been concentrated on the ability of tertiary diphosphines to catalyse a 
number of different reactions with the simplest and most widely studied ligands being 
dppm [bis(diphenylphosphino)methane], dppe [1,2-bis(diphenylphosphino)ethane] and 
dppp [1,3-bis(diphenylphosphino)propane].1-6 The catalytic versatility of these ligands is 
due to their ability to coordinate to metals via different binding modes, including 
monodentate, chelating and bridging. With respect to 1.1, the bite angle formed when 
chelating to a metal is very small and hence, the ring system is strained and in some cases, 
very unstable. In these cases, the phosphine acts as a monodentate ligand or is able to 
bridge two metals. The compounds with a greater carbon chain length between the P atoms, 
1.2 and 1.3, have a greater tendency to chelate and form very stable five- and six-membered 
rings respectively.7 
 
Ph2P PPh2 Ph2P PPh2 P PPh2Ph2
dppm dppe dppp
1.1 1.2 1.3  
 
When coordinated to PdII, Dossett et al.1 found that 1.1 – 1.3 were able to catalyse the 
copolymerisation of CO and C2H4 to produce a polyketone (Eqn. 1.1). Upon catalytic 
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testing of these PdII compounds, the length of the C chain between the P atoms was of great 
importance when comparing catalytic activity. 
R
R O
n +
n
n CO
PdII
CH3OH
Eqn. 1.1
 
 
The six-membered chelate derived from 1.3 was by far the most active for this 
copolymerisation reaction and was an order of magnitude more so than the five-membered 
chelate complex prepared from 1.2. The four-membered chelate complex based on 1.1 was 
essentially inactive in comparison to the complexes derived from 1.2 and 1.3. Originally, it 
was thought that the sensitivity to chelate ring size could be explained by bite angle 
effects,8 but, when bulky ortho substituents were placed on the phenyl rings bound to the P 
atoms, the activity of the four-membered chelate increased dramatically.1 The initial 
addition of MeO groups to the catalyst raised the rate of the reaction to a measurable level, 
which had not been the case for the unsubstituted complex. Further reactions with Me, Et 
and iPr substituents in the ortho position demonstrated that an increase in steric bulk not 
only had a positive effect on the activity of the catalyst but also increased the yield. 
 
Following the success of these diphosphines in a copolymerisation reaction Wass and co-
workers2 investigated the ligands 1.1 – 1.3 for their ability, when coordinated to NiII, to act 
as ethylene polymerisation catalysts. The complexes containing 1.2 and 1.3 gave no 
conversion under the experimental conditions of this study whereas the C1-backboned 
counterpart 1.1 was found to be active. Once again the ortho H atom of the phenyl rings 
was replaced with an alkyl substituent to assess any potential benefit and the results 
obtained suggested that the reaction favoured an increase in steric bulk. The yield and 
catalyst activity was seen to rise from H to Me to iPr group with an extension in chain 
length of the resultant polymer also observed. The NiII catalyst of 1.1 afforded low 
molecular weight, highly branched polymer in contrast to its N-backboned analogue, 
Ph2PN(Me)PPh2, which gave high molecular weight linear material.2 
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Further to their ability of successfully catalysing polymerisation reactions when bound to 
Pd or Ni, compounds 1.1 – 1.3 were found, by Michelin et al.3 to be efficient epoxidation 
catalysts. The PtII diphosphine complexes 1.4 were very active for the epoxidation of 1-
octene in the presence of H2O2 with the length of C chain between the two P atoms being a 
key factor in terms of catalytic activity. The compound formed with ligand 1.2 was the 
most active catalyst giving a yield of over 80% in a 4 h time period. Replacing 1.2 with 1.1 
gave a slight increase in reaction time and halved the isolated yield of epoxide. Increasing 
the chain length to three C atoms, 1.3, dramatically decreased the activity of the PtII catalyst 
with a yield of only 6% obtained after a 24 h reaction.3 In addition to altering the 
diphosphine bound to the Pt centre the alkene starting material was also modified to assess 
the versatility of these catalysts. Interestingly only terminal alkenes, such as 1-hexene and 
1-octene, were suitable as substrates with the reaction using styrene being very sluggish 
even at high temperatures. The possible reasoning3 for this lack of activity was a purely 
steric effect, with the narrow space between the aryl groups of the diphosphine and the 
perfluoro aromatic substituent making the PtII species inaccessible to the bulky phenyl ring 
containing styrene. Consequently only terminal alkenes were able to approach the PtII 
centre and become activated upon displacement of the H2O ligand. 
 
Diphosphines have been widely utilised in catalytic C-C coupling reactions over the years 
and the C-backboned ligands 1.1 – 1.3 are no different.4,5 Yoshida and co-workers 
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investigated the possibility of using Pd0 complexes of dppm, dppe and dppp to catalyse the 
coupling of propargylic oxiranes with terminal alkynes and to assess their 
diastereoselectivity towards either the anti or syn products.4 Initially the monodentate 
ligand PPh3 was evaluated and it was found that, although diastereoselectivity was low 
(2:1), the major reaction product was in a syn conformation. Replacing this with dppm gave 
no change in the yield but altered the selectivity in favour of the anti isomer suggesting that 
the stereochemical course of the reaction is dependant on the phosphine used. Altering the 
ligand used to dppe and dppp gave a large increase in yield obtained, with the phosphines 
offering 94% and 87% respectively, and also presented much more stereoselective 
catalysts. Again the two diphosphines were selective towards the anti conformation 
displaying high diastereoselectivity with anti:syn ratios of 14:1 (for dppp) and >20:1 (for 
dppe) adding further evidence to the theory a bidentate ligand was required to obtain an 
anti product, which is in complete contrast to the monodentate PPh3 case which gave syn 
selectivity.4 
 
The Rh catalysed conjugate addition of aryl boronic acids to unsaturated carbonyl 
compounds, although is often said to be a highly selective procedure, receives competition 
from a Heck-type coupling resulting from the β-H elimination of the α-Rh carbonyl 
intermediate (Scheme 1).5 
 
Rh
X
O
Ar
R
HR
Ar
X
O
X
O
R
H
Ar
A B
 
 
Scheme 1.1 The competition of β-H elimination (A) vs. hydrolysis (B) of α-Rh carbonyls. 
 
Zou et al. investigated the use of ligands 1.1 – 1.3, in addition to subtle changes in reaction 
conditions, to provide highly selective catalytic routes to the products obtained by both the 
Heck-type coupling and the conjugate addition. Their initial results when using PPh3 as a 
monodentate ligand, in the presence of a base, indicated that the β-H elimination was 
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favoured with selectivity of over 95%. Removing base from the reaction completely 
changed the path towards the conjugate addition with an 80% selectivity.5 Prior to 
attempting this process with Rh complexes of the diphosphines 1.1 – 1.3 a number of 
conditions were altered including temperature, ratio of reactants and base. A reduction in 
temperature from 120 ºC to 80 ºC, although increasing the yield, lowered selectivity and 
raised reaction times. Altering the boronic acid to olefin ratio also had a large effect on the 
reaction with an increase in olefin resulting in greater selectivity, whereas addition of extra 
boronic acid gave two reaction products in equal proportions. Replacing K2CO3 with 
NH4Cl slowed the rate of reaction by a factor of 10 and again lowered selectivity. When the 
diphosphines 1.1 – 1.3 were coordinated to the Rh similar effects were observed with and 
without the presence of K2CO3 in terms of selectivity. Interestingly the extent of the effect 
on the final product for each ligand was different. In the case of dppm and dppe the reaction 
time was decreased in the presence of base whereas the exact opposite was the case for 
dppp. The effect on isolated yield was different for dppm and dppe as the K2CO3 seemed to 
aid conversion for 1.1 but had the opposite behaviour for 1.2, with 1.3 giving good yields 
under both conditions. The Rh complex of dppp, without the presence of base, was found to 
be a very successful catalyst for the conjugate addition reaction, being 100% selective and 
giving a yield of 93%.5 
 
1.2 PCNCP Chemistry 
 
Ligands with a PCNCP backbone, analogous to dppp, are also valuable synthetic tools 
widely used in coordination chemistry and homogeneous catalysis.9,10 The small difference 
of the P–P tether, with C2N (for PCNCP) and C3 (for dppp), has little influence on the 
binding mode to a given transition metal centre of these two ligand types which ordinarily 
involves the formation of a six-membered chelate ring. For ligands with a PCNCP 
backbone, it is thought that their ability to be incorporated into polymeric supports11-16 and 
bound to a transition metal as part of a dendrimer10,17,18 are their most useful qualities. 
Phosphorus based Mannich reactions have been used to prepare these new ‘hybrid’ ligands 
with cheap and commercially available starting materials.19-21 The method used involves 
refluxing an appropriate primary aliphatic or aromatic amine with Ph2PCH2OH [readily 
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preformed from equimolar amounts of (CH2O)n and Ph2PH]19 in CH3OH.19-21 This 
synthetic procedure is versatile and offers many advantages over more classical routes of 
nucleophilic substitutions and free radical addition. The simple nature of this procedure 
offers a benefit for these PCNCP ligands over dppp with synthesis of the latter involving a 
more complicated reaction of sodium diphenylphosphide with 1,3-dichloropropane,22 with 
the procedure being performed under nitrogen due to the highly air and moisture sensitive 
nature of the intermediate phosphide. 
 
The group of PCNCP ligands offer a large amount of coordinative versatility due to a 
number of potential binding modes including monodentate (P- or N-bound), bidentate 
(chelating) and, in one particular case, tridentate (PNP bound).23 The extension of the 
ligand set to include non-symmetric compounds with a variety of substituents attached to 
the P atoms has shown that the bridging of two different nuclei is possible.24 Smith and co-
workers have widely researched the possible coordination modes of PCNCP ligands and 
demonstrated the flexibility with a number of transition metal centres.21,24-27 The formation 
of a six-membered chelate ring when bound to PtII, Pd and Mo was observed21,25,26 along 
with the ability to bridge two AuI or RuII centres.21,27 The precursor to the bridged binuclear 
complex mentioned above, involving the non-symmetric PCNCP ligand, exhibited a 
monodentate character with a single P donor atom bound to RuII or IrIII.24  
 
Supported catalysts offer a wide variety of attractive advantages with the most obvious 
being the ease by which they can be separated from the reaction mixture and hence 
recycled. Not only that but they have the unique ability of combining the benefits of both 
heterogeneous and homogeneous catalysis.11 When bound to a particular support and with 
simple changes to the functionality of these PCNCP ligands they are very versatile catalysts 
with the capacity to catalyse a number of organic reactions including Suzuki-Miyaura 
couplings,12 Sonogashira couplings,13 carbonylation reactions,15 hydroesterification 
reactions16 and Heck reactions.28 
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Uozumi et al.12 have developed amphiphilic resin-supported Pd complexes of PCNCP 
ligands 1.5 with a view towards using them for catalytic reactions in water. The advantages 
of utilising a readily available, safe and environmentally benign solvent are clear and the 
amphiphilic nature of the polystyrene-poly(ethylene glycol) graft polymer (PS-PEG) would 
make it easy to recycle. To investigate the catalytic ability of this group of supported 
complexes in water, they were examined for the Pd-catalysed cross-coupling of aryl halides 
and arylboronic acids (Suzuki-Miyaura coupling).12 The complexes were found to be 
highly successful when catalysing this type of reaction with yields obtained of above 95% 
on optimisation of the conditions. 
 
Breinbauer and co-workers13 set out to discover a simple method utilising inexpensive, air 
stable reagents for synthesising bis(diphenylphosphinomethyl)aminomethylpolystyrene. 
The PdII complex of this supported ligand was found to be extremely active for the 
Sonogashira coupling of a representative set of iodoarenes with terminal alkynes. Complete 
conversion was observed for a number of different starting materials, irrespective of the 
electronic nature of the substituents of iodobenzene, after 2 h at 60 ºC, with the only 
problematic reagent being the less reactive 1-hexyne that required extended reaction times 
of up to a factor of ten.13 Similarly Cai et al.14 also investigated the successful potential of a 
PCNCP supported Pd catalyst. The addition of a propyl chain between the N atom and the 
support were the only differences between the catalysts tested by Breinbauer and Cai. Once 
again a number of aryl iodides and terminal alkynes were used as reagents and initial yields 
were in the range 76 – 96% but with a simple increase in temperature the reaction ensued 
giving yields greater than 90%. Reaction times were under 2.5 h for the iodo derivatives but 
on substitution for a bromo alternative these were increased to over 24 h.14 
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Long et al.15 have shown considerable interest in the Pd catalysed carbonylative cross-
coupling reaction of aryl halides, which can be used as a route to a number of biologically 
interesting molecules such as amides, esters and lactones. In the typical synthesis of an 
amide, an amine and aryl halide are coupled together in the presence of carbon monoxide. 
Due to the low solubility of CO in common organic solvents these reactions normally take 
place at high pressures utilising expensive autoclave reactors but Long and co-workers 
developed a low cost carbonylation microtube reactor setup. The supported catalyst 1.6 was 
evaluated in this micro-reactor with a range of aryl halides and they found that electron 
withdrawing substituents on the phenyl ring gave complete conversion whereas their 
technique was less successful with iodo and bromobenzene.15 
 
In addition to catalysing a number of organic reactions, supported PCNCP ligands have 
been found to be valuable in the scavenging of used homogeneous catalysts. Breinbauer et 
al.16 found that, when using Grubbs’ catalyst for ring closing metathesis reactions, the 
removal of the dark coloured, metal containing by-products was difficult and hence a 
serious experimental drawback of the procedure. Anything less than total removal of the 
metal by-products could go on and affect subsequent synthetic reactions or even lead to the 
obscuration of biological screening results.16 The ideal solution to this problem would be to 
synthesise an active supported catalyst for the ring closing metathesis reaction but thus far 
inferior catalytic performance has been observed over Grubbs’ catalyst. The synthesis and 
use of resin supported bis(diphenylphosphinomethyl)amine as an inexpensive scavenger for 
Grubbs’ catalyst was found to be highly fruitful with up to 96% of the Ru content removed 
from the reaction mixture. 
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Along with supported catalysts a lot of work has been performed on ligands with a PCNCP 
backbone as dendrimers, which are novel macromolecules with monodispersed molecular 
weights, precisely determined cascade structures and a specific number of end groups.17 A 
major benefit of these catalysts is similar to that of the previously mentioned supported 
compounds in the ease of which they can be separated from the reaction mixture on 
completion with the main forms of the recovery process tending to be via nano-filtration or 
solvent precipitation. Catalysis is one of the most promising applications of 
metallodendrimers and with this in mind Astruc and co-workers10 designed dendrimer 1.7 
and functionalised each end group with a metal cluster in contrast to the customary 
chelating transition metal found in most catalytic dendrimers. The addition of these Ru 
clusters, with a molecular formula of Ru3(CO)10, could plausibly have a large effect, not 
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only in the field of catalysis, but in molecular electronics and material science.10 Along 
with their work synthesising dendrimers containing transition metal clusters, Astruc et al.18 
investigated the possibility of using stable Ru-carbene dendrimers to catalyse the ring 
opening metathesis polymerisation (ROMP) reaction of norbornene. The selection of the 
chelating diphosphine-Ru-carbene framework was essentially designed so that the system 
was both stable enough to support the dendritic structure and be reactive enough for the 
ROMP reaction. The metallodendrimer proved to be a successful catalyst within this 
reaction with the ROMP of norbornene proceeding at room temperature. A secondary 
observation indicated that the dendritic Ru-carbene was much more reactive than its 
monomeric analogue.18 
 
Kaneda et al.17 proposed that utilising a chelated PdII complex would enhance the catalytic 
performance of their dendrimer in allylic substitution reactions. The catalysts were found to 
be highly successful with yields in excess of 95% for the reactions of allylic acetates with 
amines. The group found that this substitution reaction could also be extended to include 
soft carbon nucleophiles and other allylic derivatives such as carbonates with the 
metallodendrimer still performing well.17 
 
Thus far supported and dendritic catalysts have been focused upon as separate entities but 
there has been a considerable amount of work performed on supported dendrimers.28-30 The 
combination of the properties of these two types of catalysts make for robust and recyclable 
compounds with a large number of potential catalytic functions. Alper and co-workers29 
found that immobilising reactive Pd centres on a dendrimer on silica gave rise to a 
successful catalyst for the hydroesterification of olefins (Eqn. 1.2), useful for numerous 
industrial and pharmaceutical applications. The metallodendrimer was found to be highly 
successful in catalysing this type of reaction but was very sensitive to any alterations in the 
reaction conditions. The change in acid additive had a profound effect on both the 
conversion and selectivity of the reaction with methanesulfonic acid giving the highest 
conversion and HCl was the most selective acid. Interestingly the replacement of HCl with 
HI completely stopped the reaction from occuring due to the formation of a very stable Pd 
complex.29 Solvent optimisation was performed using solvents of varying polarities and it 
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was quickly realised that low polarity hexane was the most successful with highly polar 
solvents giving almost no activity at all. 
 
R + R'OH + CO
R
CO2R'
R
CO2R'
Pd Catalyst
150 psi, 115 ºC
+ Eqn. 1.2
 
 
Alper et al.30 also utilised silica supported Pd dendrimers as catalysts for carbonylation 
reactions of iodoarenes showing the versatility of this group of compounds. Small 
alterations in the structure of the dendrimer had a large effect on both yield and activity 
which ranged from 36 – 100% and 18 – 130 TON/h respectively.30 The requirement for 
extensive studies when working with dendrimers in terms of both structure and reaction 
conditions is clearly of paramount importance as indicated by relatively simple changes 
having large effects. 
 
Although these PCNCP type ligands have been researched to a great extent when 
incorporated into metallodendrimers or supported on a variety of media, there has been 
relatively little work undertaken on the free ligands and their subsequent transition metal 
complexes.9,31-34 The lack of catalytic studies performed on this type of ligand is somewhat 
surprising due to their published success and versatility in a number of different 
applications. Reetz and co-workers31 discovered that a Rh complex of a PCNCP ligand 1.8 
containing bulky substituents on the P atoms gave a successful catalyst for the 
regioselective hydroformylation of citronellene. The catalyst was found to be both highly 
active and selective for the desired aldehyde in comparison to the less sterically hindered 
diphosphine with phenyl groups attached to the P atoms. The Authors suggested that it was 
this steric bulk that accounted for the change in selectivity of the hydroformylation 
reaction.31 
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Li et al.9 found that the use of a Pt complex of the less sterically hindered ligand 1.9 was 
both highly active and selective for the catalytic hydrosilylation of terminal alkynes. A 
number of alkynes were evaluated with the diphosphine complex catalyst performing well 
in all cases with yields in excess of 90% and the desired trans selectivity of above 90% was 
observed in the majority of cases. In addition to the highly effective and selective nature of 
this catalyst there was also an added environmental and economical benefit of the reaction 
proceeding under ambient conditions of air, water and room temperature.9 
 
Cl
Pd
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Ph2
P
P
N R
Ph2
1.10  
 
The simplicity of the reaction utilised to synthesise these PCNCP ligands signifies that they 
can be tuned to suit a particular application by altering the substituents bound to both the P 
and N atoms. The implications of altering the group attached to the P atoms can affect the 
electronic and steric properties of the ligand but the fact that the N substituent could have 
an effect on any subsequent catalytic reaction is less obvious. Serindag and co-workers32 
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investigated the effect of varying the N substituent in a simple PdII complex 1.10 could 
have upon the Heck reaction of aryl halides with methyl acrylate. The alteration of the R 
group from Me to tBu or m-C6H4SO3Na gave only small changes in catalytic activity but 
the conversion achieved by the catalyst was affected to a greater extent. Although the 
aliphatic substituents both gave high conversions with bromobenzene, the sulphonated 
diphosphine reduced this value by up to 10%. Reactions with chlorobenzene gave 
decreased values for both the conversion and activity with all three R groups discussed. 
 
1.3 PNP Chemistry 
 
In addition to the carbon backboned diphosphines, dppp, dppe and dppm, ligands with a 
simple PNP backbone have been found to be very useful in a range of catalytic 
reactions.1,35-37 The ease in which the substituents attached to both the N and P atoms can 
be altered makes them very versatile due to changes in both the electronic and steric 
properties of an individual ligand. In addition these ligands can bind to transition metals in 
a number of different modes providing further catalytic versatility. As expected the N-
backboned diphosphines are able to coordinate to an array of transition metal centres to 
yield a 4-membered chelate ring38-40 but, due to the small P–N–P bite angle, these ring 
structures are often quite strained indicating that acting as a monodentate ligand40,41 would 
give a more stable complex. The added stability of only one P donor atom binding to the 
metal allows the diphosphine to bridge two transition metal centres to form both bi- and 
polynuclear compounds.42 
 
N
Ar2P PAr2
Me
R
Ar    =
1.11 R = Me, Et, 
iPr  
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As previously discussed (Section 1.1) Dossett et al.1 investigated the ability of dppm, dppe 
and dppp to catalyse the copolymerisation of CO and C2H4 (Eqn. 1.1). In order to gain 
further insight into an optimum catalyst for this reaction, PdII chelate complexes of ligands 
with a PNP backbone 1.11 were evaluated under the same conditions. The results obtained 
for the C-backboned analogues indicated that polymerisation rate, catalyst stability and 
polymer molecular weight all increased with the addition of steric bulk at the ortho position 
of the aryl rings. This trend was largely paralleled by the family of PNP ligands tested with 
the alteration of R group from Me to Et and finally to iPr each giving a further increase in 
catalytic activity.1 It was also discovered that the N-backboned diphosphine chelates were 
consistently superior to the C-backboned derivatives, with the ligand containing iPr 
substituents at the R position being the most active catalyst under these reaction conditions. 
 
Another collaboration between BP Chemicals and the University of Bristol, involving Wass 
and co-workers,35 utilised NiII complexes of 1.11 to catalyse the polymerisation of ethylene. 
Initially the ligands bearing Me, Et and iPr groups at the R positions were treated with 
Ni(COD)2 and H(Et2O)2BAF (where BAF = [3,5-(CF3)2C6H3]4B) in toluene to yield the 
activated catalyst. Exposure of these compounds to C2H4 gave polyethylene at a moderate 
activity level with an increase in steric bulk at the R position giving higher molecular 
weight polymer. In an attempt to produce a more active catalyst the iPr derivative of 1.11 
was reacted with NiBr2(DME) (where DME = 1,2-dimethoxyethane) to give a 
dibromonickel(II) precatalyst. Treatment of this NiII complex with MAO gave a highly 
active catalyst for the polymerisation of ethylene with high molecular weight reaction 
product. Interestingly increasing the temperature at which the reaction took place offered a 
benefit in terms of polymerisation rate but the molecular weight of the polyethylene 
reduced by over a half.35 
 
Ligand 1.11 has thus far been described as a polymerisation catalyst when coordinated to 
PdII or NiII, but Wass et al.36 discovered a further use, when bound to CrIII, as a potential 
olefin trimerisation catalyst. This type of oligomerisation reaction has attracted much 
interest in recent years with a variety of reactants from the simple C2H4 to, in this case, 
isoprene. The trimerisation of isoprene gives a C15 fraction with four possible isomers 
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including three linear and one cyclic, with the linear derivatives dominant in all cases. 
When the aryl rings were phenyl groups (R = H) the catalytic activity was low and the total 
trimeric reaction product was under 10%. This is in stark contrast to the MeO analogue 
where activity doubles and the selectivity towards the trimer is almost 80% with the ratio of 
linear to cyclic isomers being 7:3. Replacing the N-Me substituent with an N-iPr group sees 
a slight decrease in activity but a large increase in selectivity towards trimeric products up 
to 95%.36 The data obtained suggested that for the trimerisation reaction to be dominant 
there must be a certain amount of steric bulk in the ortho position of the aryl rings. 
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In addition to polymerisation and oligomerisation reactions, ligands with a PNP backbone 
have also found use, along with a number of other diphosphines,12,13,28 within catalytic C-C 
coupling reactions.37 Biricik and co-workers evaluated the PdII complex 1.12 for its 
catalytic ability in the coupling of aryl halides with arylboronic acids (Suzuki) and alkenes 
(Heck reaction). Within the Heck reaction, complex 1.12 was found to perform most 
effectively when the N-CH2 substituent was a phenyl ring (X = CH) with yields up to 95% 
being observed, whereas a pyridyl group (X = N) gave a much lower yield of just 41%. 
This difference between the phenyl and pyridyl substituents was not however seen in the 
Suzuki coupling reaction where isolated yields were found to be very similar for a range of 
aryl bromides.37 The relatively small alterations made to this catalyst clearly had a large 
effect on the catalytic ability of 1.12 and signifies the ease at which these PNP ligands can 
be tuned to affect the physical and chemical properties of the final reaction product. 
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1.4 Phospha-adamantane Based Ligands 
 
The use of bulky phosphines bound to transition metals in the field of catalysis has grown 
over the years as the applications have increased. The focus on a particular group of 
phospha-adamantane ligands has received much interest over the years in the catalysis of a 
wide range of reactions from Suzuki cross-couplings43 to hydroformylation.44 The initial 
synthesis of the caged phosphine 1.13 (Eqn. 1.3) was performed by Epstein et al.45,46 and 
involved the absorption of PH3 by a solution of 2,4-pentadione in aqueous HCl at room 
temperature from which the white crystalline solid precipitated. 
O PH
O O
O O
2 + PH3
-H2O
Eqn. 1.3
1.13  
 
The secondary phosphine 1.13 has been incorporated into a number of very different ligand 
systems including occasions where two cages have been tethered together with alkyl chains 
of varying lengths 1.14.47,48 The group of compounds has even extended to the N 
containing cage 1,3,5-triaza-7-phosphaadamantane 1.15,49-52 which has been used in a wide 
range of catalytic applications ranging from Sonogashira cross-coupling reactions49 to H-H 
bond splitting.52 Thus far the majority of research performed on these bulky caged 
phosphines has concentrated on the oxygen based 1,3,5,7-tetramethyl-2,4,8-trioxa-6-
phosphaadamantane.43,44,47,48,53-55 The basis of this research has been the entrenchment of 
the P atom in the adamantane framework, with the addition of inherent steric crowding, 
acting as the ideal architecture for further derivatisation to form bulky tertiary phosphines 
for use as ligands.43 
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Capretta and co-workers43 assessed the potential of Pd coordinated ligand 1.16, with a Ph 
group at the R position, to catalyse the Suzuki cross-coupling reaction of aryl halides. The 
premise behind the work was based on the suggestion that Pd catalysed coupling reactions 
of the more demanding electron deficient aryl halides could be accomplished efficiently by 
sterically hindered, electron rich phosphines.56 Fine tuning of the general conditions 
allowed for the smooth coupling of aryl halides, bromides and activated chlorides with a 
variety of aryl boronic acids at room temperature within a short time period giving high 
yields.43 Complete conversion was achieved with the substituted iodobenzenes in under 1 h 
whereas the equivalent bromo derivatives led to completion of the reaction in 3 to 6 h. The 
aryl chlorides reacted much slower than their iodo or bromo counterparts with reaction 
times being increased to 12 to 24 h with the electron rich and sterically demanding 
chlorides even requiring mild heating. The Pd complex of ligand 1.16 offers further 
benefits to its catalytic ability over more commonplace tertiary phosphines, such as PtBu3, 
including the ease of handling of an air stable, crystalline compound and the relatively 
inexpensive manufacturing process.43 Having successfully utilised ligand 1.16 in the 
Suzuki cross-coupling of a number of aryl halides, Capretta et al.54 looked to derivatise the 
Ph substituent at the R position to assess the benefit of such alterations. The coupling of 1-
bromodecane and phenylboronic acid was employed to screen the library of phospha-
adamantane ligands with the relative amounts of coupled product and by-product used to 
determine the catalytic success. Ligands containing aryl moieties substituted with electron 
donating groups, such as MeO, performed better than the reference phenylphospha-
adamantane and any alkyl substituted systems that were evaluated. The ligand containing o- 
and p-MeO groups on the phenyl ring gave the desired product in yields of 71% and 64% 
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respectively with compound 1.17 including MeO substituents in both ortho and para 
positions gifting the most successful catalysts with a yield of 96%.54 
 
O P
O O
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O O
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R
 
 
Ligand 1.17, having been established as the most successful catalyst when coordinated to 
Pd, was tested, under optimised conditions, for the coupling of a variety of alkyl bromides 
and chlorides to a series of boronic acids. The Pd catalyst allowed for the Suzuki coupling 
of 1-bromodecane to electron neutral, more sterically demanding and electron rich aryl 
boronic acids indicating the immense versatility of this ligand.54 Once more it was 
unsurprising that the reaction with chloro derivatives was less successful and provided 
further evidence to suggest that ligand 1.17 was more selective to the C–Br bond than its 
C–Cl counterpart. 
 
A further application for ligand 1.16 was found by Capretta and co-workers55 in the 
catalytic amination of aryl halides. The importance of this versatile process for the 
preparation of functionalised anilines required new phosphine ligands that, not only enable 
these aminations to take place under milder conditions, but could facilitate reaction of 
partners that did not previously participate in coupling.55 With ideal conditions established, 
a number of amines and aryl halides were coupled. Diaryl-, aryl/alkyl-, cyclic dialkyl- and 
acyclic dialkylamines could be successfully coupled to sterically demanding aryl iodides, 
bromides and chlorides at 30 ºC, 50 ºC and 70 ºC respectively. Further elevated 
temperatures of up to 110 ºC were required to successfully react aniline with the aryl 
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halides but reactions involving primary aliphatic amines allowed for the synthesis of only 
trace amounts of the desired product.55 
 
Clarke et al.44 discovered a potential industrial function for ligand 1.16, when coordinated 
to Rh, in the catalytic hydroformylation of unsaturated esters. With two possible 
regiochemical outcomes (a quaternary or linear aldehyde) of this reaction, the importance 
of both activity and selectivity is paramount. The desired reaction product in this case was 
the quaternary aldehyde and, under ideal conditions, the Rh complex of ligand 1.16 was 
found to give both high activity and selectivity for the hydroformylation of methyl 
methacrylate. Replacement of the starting unsaturated ester for methyl atropate and even 
disubstituted alkenes had little effect on the conversions obtained for the hydroformylation 
reaction and the catalyst remained selective for the desired quaternary aldehydes.44 
 
1.5 Selective Ethylene Oligomerisation Reactions 
 
Linear alpha olefins (LAOs), such as 1-hexene and 1-octene, are widely used in the 
chemical industry. Over the past 15 years, there has been considerable industrial interest in 
the selective oligomerisation of ethylene, which is the preferred on-purpose route to these 
LAOs.57 The main problem with non-selective ethylene oligomerisation is that there is 
typically a Schulz-Flory distribution of 1-olefins, which must be separated to give specific 
carbon number products.58 While the C6 – C20 range is used on a large global scale as 
comonomers, surfactant precursors and in synthetic lubricant production, such distributions 
of LAO’s do not closely match market demand. In particular, 1-hexene and 1-octene are in 
high demand due to their use as comonomers in the production of linear low density 
polyethylene (LLDPE).59 In recent years, a number of remarkable catalysts have been 
discovered that are able to selectively trimerise and tetramerise ethylene to 1-hexene and 1-
octene respectively. These catalysts incorporate a variety of transition metals, including 
Cr,55-67 Ni,68-75  Pd76-78 and many others.79-84 A brief survey of the different catalysts utilised 
in these processes are discussed within this section of the Introduction. 
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1.5.1 Ethylene Trimerisation 
 
The selective trimerisation of ethylene to 1-hexene has received a great deal of attention 
from both the academic and industrial community alike. Recent theoretical work in this 
field points to a mechanism involving metallacycle formation and growth.59 
 
3 Eqn. 1.4  
. 
The selectivity in ethylene trimerisation reactions is a consequence of the unusual 
metallacyclic mechanism in operation (Fig 1.1).60 Oxidative addition of two ethylene 
molecules to the active catalytic metal centre gives a metallacyclopentane intermediate II. 
The geometrical constraints of this species limit interaction of the β-hydrogens with the 
metal, therefore preventing reductive elimination at this point and hence the release of 1-
butene. Coordination and subsequent insertion of another ethylene is thus facilitated, and 
the resultant metallacycloheptane intermediate III is sufficiently flexible for β-hydride 
transfer and reductive elimination of 1-hexene.60,61 
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Scheme 1.2 Catalytic cycle for the selective trimerisation of ethylene. 
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1.5.1.1 Chromium Based Catalysts for the Oligomerisation of Ethylene 
 
The majority of known catalysts for the trimerisation of ethylene to 1-hexene are CrIII 
based, many of which contain neutral P containing ligands.62 Recent interest has involved 
ligands with a PNP backbone such as 1.18 and 1.19 in which various substituents are 
incorporated at the R positions. 
 
H
N
Cr
Cl
ClCl
PR2R2P
N
P P
R5
R2 R3
R4R1
1.18 1.19  
 
It has been shown that CrIII complexes with the tridentate PNP ligands 1.18, along with a 
methylaluminoxane (MAO) cocatalyst, are highly selective and active catalysts for the 
trimerisation of ethylene.62 Tests were performed on complex 1.18 with phenyl, cyclohexyl 
and ethyl groups at the R positions. With the Ph derivative, the catalyst was found to give 
reasonable activity with excellent selectivity towards 1-hexene. The substitution of the 
phenyl groups for cyclohexyl groups gave a dramatic decrease in C6 production with a 
rapid increase in the amount of polymer formed. In complete contrast to this, the complex 
with ethyl substituents, had very high activity and selectivity towards 1-hexene.62 Work has 
also been performed on changing the substituent on the N atom, from H to a benzyl or 
methyl group. Studies have shown that incorporation of an alkyl group on the N atom leads 
to a remarkable decrease in both activity and selectivity to 1-hexene. Replacing this with a 
benzyl group reduces the activity even more and leads to a 67% production of polymer.59 
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Having investigated the catalytic ability of PNP complexes with ethylene linkers between 
the N and P atoms 1.18, work was performed on assessing the behaviour of simpler PNP 
ligands 1.19, with various groups in the R1-5 positions.63 The first account of this type of 
ligand family was published by Carter et al.58 and had methoxy groups in the R1-4 positions 
and a methyl substituent on the N atom. It was proposed that the MeO groups acted as 
pendant donors towards the metal centre and that this was a prerequisite for the catalytic 
behaviour of this complex. Later Blann et al.63 found this to be untrue when the methoxy 
groups were replaced by alkyl substituents (Me, Et, iPr) and the catalysts proved to be both 
highly active and selective towards 1-hexene. 
 
Although recent work had suggested that pendant donor ether groups were not a necessity 
for a Cr oligomerisation catalyst,63 Pringle and co-workers64 began to consider the 
possibility of tethering an ether group to the backbone N of ligand 1.19 (with R1-4 as H 
atoms) would have the potential to form a tridentate ligand with the P atoms and the ether 
O atoms acting as donor centres. It was suggested that this tridentate ligand could offer 
increased stability over its bidentate analogue to reactive intermediates or maybe modify 
the transition state of the oligomerisation catalyst throughout the reaction. The study 
involved alteration of length and rigidity of the ether substituent and both variables had a 
significant effect on the catalyst activity and stability.64 In the case where the R5 group was 
CH2(o-OCH3)C6H4, the catalyst was much more active than when replaced with either 
(CH2)2OCH3 or the extended (CH2)3OCH3 substituents and could also remain highly active 
for a period of 2 h. 
 
A series of tests were performed with ligand 1.19 with the R positions being a combination 
of H, Me, Et and iPr groups.63 Initial results, where R1-5 = Me were promising with a 90% 
C6 fraction of which 99.5% was 1-hexene. Also encouraging was the very low C10 fraction 
which suggests that this particular catalyst inhibits a secondary trimerisation between 1-
hexene and ethylene. The overall conclusions met were that an increase in steric bulk in the 
ortho positions gave greater selectivity to 1-hexene and, interestingly, replacing R1-4 with H 
atoms dramatically reduced the amount of C6 produced and gave an increased selectivity 
towards 1-octene. Finally, replacing the N-methyl group with a bulkier N-isopropyl moiety 
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resulted in an increase in 1-hexene selectivity, which can be explained by a translated 
increase in steric effect of the ethyl substituents (R1-4), caused by the greater bulk of the 
isopropyl group.63 
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Various other tridentate complexes have also been studied for catalytic behaviour within 
the trimerisation of ethylene including 1.20. Bluhm et al.65 discovered that altering the X 
group could greatly influence the catalytic ability of the complex. For instance, placing a 
SEt group in the X position resulted in a 82% C6 fraction with very high selectivity towards 
1-hexene, whereas a NMe2 or C5H4N substituent gave poor results, with 100% and 80% 
polymer fractions respectively, although 1-hexene selectivity was still high for the latter. 
Overall, it was concluded that placing a PPh2 at the X position gave by far the best result, 
with a 98% C6 fraction and 99% 1-hexene selectivity. 
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Thus far there have been a number of examples of Cr complexes with neutral P containing 
ligands studied in the literature with less attention paid to those lacking in this particular 
atom. Carpentier et al.66 prepared a group of Cr catalysts based upon tridentate pyrazoyl 
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ligands 1.21 that were found to be highly active for the oligomerisation of ethylene. With 
an NH group in the backbone of the ligand the catalyst was found to be completely inactive 
in terms of olefin production as 100% of the ethylene was converted into polymer. The 
replacement of the NH with an N-benzyl substituent gave a dramatic change in reaction 
product as only 16.2% polyethylene was obtained with the remainder being a mixture of 
olefins ranging from C4 – C14. An O atom in the E position provided a further polymer 
reduction whereas the S derivative offered little change. As well as producing less 
polyethylene the O containing catalyst was more active than its S and NBz respectively. 
Although Carpentier and co-workers66 had managed to prepare these Cr catalysts and offer 
data to suggest that they were indeed active for the oligomerisation of ethylene their results 
gave a widespread number of olefins with seemingly very little control over which were 
obtained. 
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The success of N and P donor atoms prompted McGuinness et al.67 to investigate the 
catalytic ability of S donor atoms as thioether groups in 1.22 as, in principle, an appropriate 
group of this type should be able to mimic the soft donor ability of P analogues. The 
dramatically lower cost of these S-based ligands would clearly make them more 
industrially viable as a large scale catalyst. Previous studies62 with complex 1.18 indicated 
that alkyl R groups with low steric demand gave the most active catalysts so the Cr 
compounds 1.22 with methyl, ethyl and ndecyl substituents in the R position were prepared. 
The methyl and ethyl groups behaved in a very similar fashion with the same activity and 
selectivity for 1-hexene, whereas the ndecyl substituent provided a catalyst of much greater 
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activity and selectivity towards C6.67 A potential explanation for this remarkable change in 
performance could possibly be due to an increase in solubility that the longer alkyl chain 
affords. N-substitution of these SNS compounds was also investigated and the results 
obtained showed a decrease in both activity and selectivity within the catalytic trimerisation 
of ethylene. Both N-methyl and N-benzyl groups proved to be poor catalysts for this 
reaction and a large proportion of polyethylene was formed.59 This added to claims that N-
H functionality is essential for high activity with this ligand system due to the possible 
deprotonation of this secondary amine donor during catalyst formation. 
 
1.5.1.2 Nickel Based Catalysts for the Oligomerisation of Ethylene 
 
Although CrIII is the most widely used and the most extensively studied transition metal for 
catalytic trimerisation of ethylene, there has also been a large amount of research performed 
on other metal centres, such as Ni.68-75 
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As with the CrIII systems, work has been performed on a variety of P- and N-containing 
tridentate ligands on NiII such as 1.23. Sun et al.68 altered the groups on the R positions as 
well as an ortho substituent on the Ar rings. It was found that, in most cases, dimerisation 
and trimerisation of ethylene were the major reactions and the selectivities for α-olefins 
could best be described as modest to high. With R1 and R2 remaining as H atoms, the 
substituents on the Ar rings were changed to increase steric bulk from a H atom through 
Me and Et groups to an isopropyl moiety. This increase in bulk also gave an increase in 
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catalytic activity, whereas when Ar = Ph, the C6 fraction was at its highest (11.6%), along 
with the selectivity to α-olefins (1-butene, 1-hexene and 1-octene). When a methyl group 
was placed in the R2 position, the products obtained were almost entirely C4. Although, 
placing a methyl substituent in the R1 position vastly increased the C6 fraction (37.6%), but 
also gave a large proportion of C8 (43.4%).68 It is clear from the results of this particular 
investigation that, while these Ni complexes do exhibit some behaviour towards catalytic 
trimerisation of ethylene, they are not even close to being comparable with their Cr 
analogues. It is, however, important to note the fact that 1-hexene can be produced by Ni 
catalysts but, since they operate by simple insertion/elimination mechanisms, a Schultz-
Flory distribution of olefins is always observed. 
 
Sun and co-workers69 continued their investigation into ethylene oligomerisation reactions 
with the synthesis and evaluation of a group of nickel complexes bearing 2-
benzimidazoylpyridine ligands 1.24. Once again it was observed that dimerisation and 
trimerisation of ethylene gave rise to the two main reaction products in butene and hexene. 
When placing an EtO group in the R1 position and a Me substituent in the R2 position the 
catalyst had low reactivity with high selectivity for C4 olefins. Alternatively the simple 
replacement of the Me substituent with a H atom increased the activity threefold and the 
significant reaction products were C6. This particular result could be attributed to the 
deprotonation of the N–H group to give an anionic amide ligand that, when activated by an 
organoaluminium cocatalyst, forms a N–Al species with increased catalytic activity.69 
Substitution of both R groups for Me substituents did not have much effect on activity but 
once again the C4 olefins were favoured. 
O N
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Along with the tridentate ligands, various bidentate ligands, coordinated to NiII e.g. 1.25, 
have also been studied with respect to their catalytic ability. Braunstein et al.70-72 published 
work on such ligands with one P and one N donor, forming chelate rings with the transition 
metal centre. These complexes were found to exhibit the ability to catalyse ethylene 
oligomerisation reactions but, as with 1.23, the C4 fraction represents the major products 
and gave a very low selectivity for α-olefins. It was apparent that, from the results of this 
study, an increase in the degree of alkyl substitution at the carbon α to P, tends to lead to 
higher activities and greater selectivity to α-olefins.71 Complex 1.25 gave the best results 
for the trimerisation of ethylene with a C6 fraction of 40%,70 which is again poor in 
comparison to the CrIII PNP complexes. 
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Although the behaviour of NiII seems to be well understood in olefin oligomerisation 
reactions, this is not the case for Ni0 complexes. Hor and co-workers73 synthesised and 
evaluated a new compound containing a Ni0 centre and a hemilabile ferrocene ligand. The 
presence of this type of ligand is due to its coordinative variance which stems from its 
tendency to compliment and support the geometric and coordinative changes found within 
a catalytic cycle of a given reaction. Complex 1.26 was assessed along with compound 1.27 
where the Schiff base N atom was no longer coordinated to the Ni and also a third 
derivative 1.28 where two ferrocene ligands were coordinated to the metal centre via the P 
donor atoms. The data obtained suggested that the compounds with an uncoordinated N 
atom 1.27 and 1.28 were more active and the order of reactivity followed the decrease in 
Ni–C (carbonyl) bond length.73 The weaker metal-ligand bond could potential lead to an 
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increase in ligand lability and make the Ni0 centre more receptive to incoming ethylene 
molecules. Interestingly the order of increased selectivity to α-olefins was in the opposite 
direction to that of the activity of the catalysts with the bidentate ferrocene compound 1.28 
being the most selective.  
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A binuclear Ni complex 1.29 was also isolated by Hor et al.74 with two Ni centres (NiI–Ni0) 
bridged by two of the hemilabile ferrocene ligands found in 1.26. As with its mononuclear 
anologue73 the binuclear Ni complex favoured the formation of butene with very low 
selectivity to the α-olefin. The observed benefit for this particular complex was a large 
increase in activity from that seen for 1.26.74 
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There has been considerable attention in recent years in chelating N ligands featuring 
iminophosphorane moieties and further extensive interest in pyrazoyl based ligands for the 
preparation of olefin oligomerisation catalysts. In line with this work a number of Ni 
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chelate complexes bearing pyrazolyliminophosphorane ligands 1.30 were synthesised and 
evaluated for their catalytic ethylene oligomerisation behaviour as described by Wang and 
co-workers.75 The observed data indicated that placing Cl (1.30a) or Br (1.30b) ligands in 
the X positions gave, under their initial reaction conditions, high selectivity catalysts for 
butene synthesis with the dichloro containing compound 1.30a being twice as active as its 
dibromo counterpart 1.30b. It was found that alteration of simple variables within the 
reaction conditions could also have a profound effect on the activity and selectivity of the 
catalysts. An increase in temperature from 20 – 50 ºC for the Cl containing complex 1.30a 
reduced the activity by a factor of four but completely changed the selectivity from mainly 
C4 (78.8%) to C6 (95%).75 Similarly changing the cocatalyst used in the reaction had a 
profound effect with a simple alteration of MAO to MMAO giving a large increase in 
activity with a complete switch in selectivity from C6 to C4. This particular piece of work 
outlines the huge effects that relatively small alterations in both the complex and the 
conditions can have on both activity and selectivity of a catalytic reaction. 
 
1.5.1.3 Palladium Based Catalysts for the Oligomerisation of Ethylene 
 
Commonly late transition metal complexes have tended to produce dimers of alkenes due to 
fast β-hydrogen abstraction,85 but in recent years Pd-based catalysts have been found to aid 
ethylene oligomerisation and polymerisation reactions.76-78 A bidentate PN ligand 1.31 has 
been investigated, by Feringa et al.78, with Pd(OAc)2 as the PdII source with reasonable 
success. In the case of R1, the substituent was altered to give an increased level of steric 
bulk from a H atom to a methyl group, through to an isopropyl moiety and the R2 was 
altered to give differing electronic properties on the phenyl ring (H, Cl, OMe). When 
placing the OMe groups in various positions on Ar, the meta (62%) and para (63%) 
substituents give a slightly greater C6 fraction than the unsubstituted phenyl rings (53%), 
whereas, when the methoxy group is in the ortho position, the amount of hexene produced 
fell dramatically (22%). With respect to the change in the electronic properties of R2, there 
is very little difference between hexene production and therefore, this aspect of the 
structure has only a small effect. The steric bulk in the R1 positons and hence the 
orientation of the phenyl ring, has a large effect on the range of products. When an 
 31
isopropyl group was added, the phenyl ring lies in a position where the two substituents lie 
above and below the N–Pd bond. This reduces the C6 fraction of this particular complex 
(53%), with respect to their best trimerisation catalyst (R2 = R3 = H) with an 85% 
selectivity towards hexene.78 Although this particular Pd complex is still not quite as good 
as the current CrIII systems, it shows that PdII can act as a successful ethylene trimerisation 
catalyst. 
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1.5.1.4 Other Transition Metal Based Catalysts for the Oligomerisation of Ethylene 
 
Although Cr has been the most extensively studied and a lot of work has already been 
performed using the transition metals mentioned thus far, other metals, such as Fe,79-82 
Co79,81-83 and Ta84 have been researched. 
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Sun and co-workers79 developed a convenient synthetic methodology for preparing 2-(2-
benzimidazoyl)-6-methylpyridine and similar ligands that potentially have the advantage of 
high activities and flexibilities in producing α-olefins through adapting their structural 
features. For compound 1.32 placing a Co atom at the M position, as opposed to Fe, gave a 
threefold increase in activity but a 10% decrease in selectivity towards hexene. The simple 
replacement of the NH group for an N-methyl substituent gave a significant decrease in 
activity but essentially doubled the selectivity of the reaction towards C6 olefins. On the 
other hand, substituting the methyl group on the pyridyl ring for an acetyl substituent gave 
rise to a dramatic change in the selectivity of the reaction to approximately 80% C4 
products.79 Simple alterations to the conditions, such as temperature, pressure and Al/M 
ratio, also had an effect on the activity and selectivity of the reaction. An increase in 
catalyst to cocatalyst ratio increased selectivity towards C6 whereas raising the temperature 
above 40 ºC gradually reduced activity. The use of tridentate 1.33 once again had an effect 
on the selectivity of the reaction with Co producing 85% C4 whereas Fe, although giving 
35% C4, afforded almost 30% C6 and 15% C8.79 Placing methyl, ethyl and isopropyl groups 
in the R position increased selectivity towards C4 and replacing these alkyl substituents 
with Cl or Br atoms gave a dramatic decrease in activity with 1-butene remaining the major 
reaction product. 
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Recent investigations with FeII have yielded some interesting tridentate complexes with 
high selectivities towards α-olefins. In general, Sun et al.80 found that all methyl-ketimine 
complexes, bearing electron-donating alkyl groups, exhibited high catalytic activity and 
good α-olefin selectivity. As expected, complexes containing electron-withdrawing halogen 
groups did not perform as well and this was also the case for sterically bulkier catalytic 
systems.80  
 
Bianchini et al. reported work on CoII complexes containing bidentate ligands with two N 
donor atoms 1.35.83 Complexes with three different R groups (H, Me, Et) were tested for 
the oligomerisation of ethylene and it was found that when the substituent on the imine was 
hydrogen, the activity was at its greatest, whereas, when methyl and ethyl groups were 
incorporated, the hexene selectivity was at its highest.83 All three analogues had an α-olefin 
selectivity of approximately 90%, but when compared to other catalysts for the 
trimerisation of ethylene, their C6 fractions were very low. 
 
One metal that has been found to give similar ethylene trimerisation selectivity results to 
CrIII is TaV. Unlike other metals that have been discussed, a “ligand-less” Ta based system 
has been reported by Sen et al.84 The reaction occured with TaCl5 and an alkylating agent 
based on Zn, Al, Sn or Li. Although the Ta source is TaV, the active catalyst is actually 
TaIII. When a methylated alkylating agent was utilised, the results were good, with high 
selectivity (94 – 96%) towards 1-hexene and only trace amounts of polymer were detected. 
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1.5.2 Ethylene Tetramerisation 
 
Along with the trimerisation of ethylene, an analogous ethylene tetramerisation route to 1-
octene is highly desirable from a market perspective. Recently Bollmann et al.86 discovered 
such a reaction that produces 1-octene in good selectivity. 
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Scheme 1.3 Postulated mechanisms for ethylene tetramerisation. 
 
It was a common belief that the tetramerisation of ethylene was improbable, due to the fact 
that, if this reaction was to proceed with a similar mechanism to that of ethylene 
trimerisation, it would progress through the nine-membered metallacycle III (Scheme 
1.3).86 It has been argued that this is highly unlikely to occur as this particular ring is the 
least-favoured medium-sized ring. Although, the CrIII catalysts are very similar for the 
synthesis of both 1-hexene and 1-octene, it seems reasonable to suggest that both pathways 
proceed through the same metallacycloheptane intermediate II.61 For this reason, the next 
step in the synthesis of 1-octene could progress in one of two manners (Scheme 1.3). The 
first (pathway a) being the further coordination and insertion of an ethylene molecule into 
the metallacycloheptane intermediate, followed by reductive elimination of 1-octene from 
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the metallacyclononane ring III.60 This process is much more favourable than additional 
insertions of an ethylene molecule to give higher metallacycles. For the second possibility 
(pathway b), β-hydride transfer from the metallacycloheptane to a coordinated ethylene 
gives a hexenyl ethyl Cr species IV and once again, this is followed by reductive 
elimination of 1-octene, as opposed to the less-favoured linear chain growth with another 
ethylene molecule.60 
 
N
PP
R5
R2R3
R4 R1
1.38
NN
MeMe
Ph2P
1.37
PPh2(R2)2P
N
P(R2)2
R1
1.36  
 
The majority of literature currently available for the tetramerisation of ethylene is based on 
work performed by Sasol Technology (Pty) Ltd. It was discovered that, by slightly altering 
the structures of their trimerisation catalysts, they were able to vary the selectivity of any 
given CrIII complex from 1-hexene to 1-octene and back again. For ligand 1.36, R groups 
on the N and P atoms were adjusted and the C8 fraction changed accordingly. The effect of 
the N substituent was small, with isopropyl and phenyl groups providing the greatest 
amount of C8 with respect to by-products formed. Altering R2 from Ph to bulky aromatic 
and heteroaromatic substituents did not affect the C8 fraction, but it was surprising to see 
that the heteroaromatic groups gave a value in excess of 60%, whereas the bulky naphthyl 
and biphenyl substituents gave a value in the region of 54 – 56%.86 A slight change in 
reaction conditions with Ph2PN(iPr)PPh2 gave a tenfold increase in productivity (g/g Cr/h) 
and the greatest C8 fraction so far of 71.6%, with an α-selectivity of 98.5%.86 
 
Addition of an extra N atom in the backbone of these ligands (1.37) gave similar results to 
the bulky aromatic R2 groups and was unable to compete with the Ph2PN(iPr)PPh2 ligand. 
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The carbon analogue (dppe) was also studied under the same conditions, but was found to 
be inferior to the PNNP ligand that was tested.86 
 
As within the trimerisation of ethylene, groups were altered in the ortho, meta and para 
positions of the phenyl ring with respect to the P atom (1.38).87 Placing methoxy groups in 
the ortho, meta and para positions changes the selectivity from hexene to octene and 
replacing the o-methoxy substituents with H atoms has the same effect. As reported 
previously,86 replacement of the N-methyl with a bulkier isopropyl moiety improves both 
catalytic activity and selectivity to C6 and C8.87 
 
The sensitivity of this process to small changes in reaction conditions, such as ethylene 
pressure, was investigated by Pringle et al.64 and a variation of chain length of reaction 
product was observed. Within the range of pressures that were investigated there was a 
linear increase in C8 products obtained, to the expense of C6, when the concentration of 
ethylene was raised.64 The conclusion that 1-octene formation favours greater ethylene 
pressures was also mirrored in work at Sasol Technology (Pty) Ltd86 and provided further 
evidence of this trend. It was found that this alteration in conditions had little or no 
detrimental effect on the α-selectivity of the reaction. 
 
In a similar manner to the study performed by Pringle and co-workers,64 Hor et al.88 
attempted to tether pendant donors in the form ether, thioether and pyridyl groups to the N 
atom of their PNP ligand 1.36. The thought was that the functional side-arm at the R1 
position would help to increase the denticity and in turn the flexibility, with the ability to 
undergo reversible coordination, of the final Cr catalyst.88 All of the complexes analysed 
were able to successfully catalyse the oligomerisation of ethylene with high α-selectivity 
towards 1-octene. Both the ether and thioether derivatives were more active and selective 
towards C8 than their pyridyl analogue, with the thioether tethers being the most successful. 
The catalyst containing -(CH2)2SEt at the R1 position was the most active of all those tested 
whereas the -(CH2)3SMe alternative gave the best C8 selectivity of 55% which is 
comparable to the high performance catalysts in the Sasol process with selectivities up to 
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70%.86 Not only was this particular catalyst very selective to 1-octene but it was also highly 
stable in maintaining its activity for up to 8 h.88 
 
1.6 Aims of this Work 
 
The aims of this project were threefold: 
i. To develop and characterize new phosphorus based ligands with PCNCP, PCNP 
and PNP backbones. 
ii. To understand their coordination abilities to various transition metals, including 
chromium. 
iii. To explore their efficiency as catalysts, in conjunction with simple chromium 
salts, for olefin oligomerisations and to utilise the catalytic data to retrospectively 
tune the ligands to yield more active and selective catalysts. 
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SYNTHESIS, CHARACTERISATION AND 
COORDINATION CHEMISTRY OF LIGANDS 
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2.1 Synthesis and Coordination Studies of Symmetric PCNCP Ligands 
 
Ditertiary phosphines containing a PCNCP backbone have been poorly studied within the 
field of catalysis with respect to its C3 analogue dppp. The research that has been performed 
on this particular group of PCNCP ligands has found them to be valuable synthetic tools 
within the fields of coordination chemistry and catalysis.9-16,18,28-31,89 The catalytic 
applications for these compounds range from hydroformylation31,89 to Heck28,32  reactions 
and in the majority of cases are found to be incorporated within dendrimers18,28-30,89 or as 
polymer supported catalysts.12-14 
 
When considering the recent success with a variety of diphosphines within homogeneous 
catalysis and, in particular, the selective oligomerisation of ethylene, the poorly studied 
class of PCNCP ligands could provide a metal based catalyst capable of increasing both 
catalytic activity and the selectivity to α-olefins. Recent interest has involved ligands with 
PC2NC2P and PNP backbones (Figure 2.1) with various substituents in the R positions.62,86 
 
R2P
N
PR2
R'
R2P
N
H
PR2  
 
Figure 2.1 Ligands for ethylene oligomerisation reactions. 
 
Removal of the ethylene linkers between the P and N atoms changes the selectivity of the 
reaction and hence 1-octene is produced over 1-hexene.86 The major difference between 
these two ligands is the mode in which they bind to a Cr metal centre with the PC2NC2P 
compound acting as a tridentate ligand with the N(H) as the third donor atom whereas the 
PNP ligand is bidentate. The aim of this section of work was to study PCNCP ligands 
where the ethylene linker is replaced with a methylene linker between the N and P atoms 
and a trend of spacer configuration versus catalytic selectivity could then be analysed. 
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2.1.1 Synthesis of the Bis(phosphino)amines Ph2PCH2N(R)CH2PPh2 
 
Using a known Mannich-based condensation reaction,19-21 a number of new diphosphines 
2.1 – 2.16 were synthesised with a variety of substituents in the R position via reaction of 
two equivalents of Ph2PCH2OH and one equivalent of the appropriate primary amine 
(Equation 2.1). The inclusion of both aliphatic and aromatic groups on the N-atom of these 
ligands would be expected to alter both the electronic and steric properties which could 
affect the orientation of the ligands when coordinated to a transition metal centre. 
 
Refluxing a solution containing the respective amine and Ph2PCH2OH in methanol, in the 
correct stoichiometric amount, gave the desired (phosphino)amines 2.1, 2.3 – 2.11 and 2.14 
– 2.16. For the remaining three ligands 2.2, 2.12 and 2.13 the methanol solution was stirred 
at room temperature to give complete conversion as judged by 31P{1H} NMR spectroscopy. 
For the majority of these diphosphines 2.2, 2.5 – 2.10 and 2.13 – 2.16 the solution was 
concentrated to ca. 5 cm3 under reduced pressure and the white solid filtered. The 
remaining five compounds 2.1, 2.3, 2.4, 2.11 and 2.12 were obtained by evaporation to 
dryness of the solvent to give a yellow oil. Yields for this group of ligands were in the 
range of 50 – 92%. The diphosphines prepared via this method were found to be air stable 
in the solid state, but oxidised over time in solution. 
 
All of the phosphine ligands exhibited a single resonance in their respective 31P{1H} NMR 
spectra in the range of δ(P) -24.3 – -28.9 (Table 2.1), which is approximately 16 ppm 
upfield from the Ph2PCH2OH starting material [δ(P) -10.0 ppm]. The alteration of R group 
attached to the N atom has very little effect on the 31P{1H} NMR spectra of these 
compounds with aliphatic [δ(P) -25.4 – -28.9] and aromatic [δ(P) -24.3 – -28.0] R 
substituents giving similar chemical shifts. The purity of 2.4 was only 60% by 31P{1H} 
NMR spectroscopy with the impurity including Ph2PCH2OH and a number of unknown 
oxidation products. The majority of these compounds gave a doublet CH2 resonance in the 
region of δ(H) 3.3 – 4.3 ppm with 2J(PH) coupling constants between 2.4 and 4.4 Hz. The 
CH2 resonances for ligands 2.2, 2.4 and 2.12 could not be resolved.  
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Ph2P
N
PPh2
R
Eqn. 2.1Ph2P OH2 + R NH2
CH3OH
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
F3C CF3
OMe
OMe
R
N
=
2.1 2.2 2.3 2.4 2.5 2.6
2.7 2.8 2.9 2.10
2.11 2.12 2.13
2.14 2.15 2.16
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Table 2.1 Selected 31P{1H} and 1H NMR dataa for 2.1 – 2.16. 
 
 
 δ(P) δ(CH2) 2J(PH) 
2.1 -27.3 3.3 3.6 
2.2 -28.4 3.5 n.r. 
2.3 -26.7 3.5 3.6 
2.4b -25.4 3.8 n.r. 
2.5 -26.3 3.6 3.6 
2.6 -27.7 3.9 4.4 
2.7 -25.8 4.1 4.0 
2.8 -26.6 3.9 4.0 
2.9 -25.5 4.0 4.0 
2.10 -24.3 4.1 2.4 
2.11b -27.0 4.0 4.4 
2.12 -28.3 3.7 n.r. 
2.13 -28.9 3.6 2.8 
2.14 -28.0 4.3 2.4 
2.15 -27.7 4.2 2.8 
2.16 -27.0 4.0 4.4 
 
a NMR spectra measured in CDCl3 (in ppm). Coupling constants (J) in Hz.  n.r. = not resolved. 
b Product found to be only 60% pure by 31P{1H} NMR. 
 
2.1.1.1 X-ray Crystal Structure of Ph2PCH2N(Ph)CH2PPh2 
 
Crystals of 2.6 suitable for X-ray crystallography were grown by slow evaporation of a 
methanol solution. The bond lengths and angles (Table 2.2) are similar in magnitude to 
analogous ligands previously synthesised in the literature19 and with no functionalisation on 
any of the phenyl rings there are no intra- or intermolecular interactions. Smith and co-
workers19 found that placing carboxylic acid groups in the para position of the phenyl ring 
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allowed the ligand to form an intermolecular O–H···O hydrogen bond with a second 
molecule. 
 
Figure 2.2 Molecular structure of Ph2PCH2N(Ph)CH2PPh2 2.6. 
 
Table 2.2 Selected bond lengths (Å) and angles (º) for compound 2.6. 
 
 
C(9)–P(1) 1.8358(12)  C(9)–P(1)–C(15) 101.51(5) 
C(15)–P(1) 1.8402(12)  C(9)–P(1)–C(1) 96.32(5) 
P(1)–C(1) 1.8774(12)  C(15)–P(1)–C(1) 99.45(5) 
C(1)–N(1) 1.4568(14)  P(1)–C(1)–N(1) 114.13(8) 
N(1)–C(3) 1.3909(16)  C(1)–N(1)–C(2) 117.72(9) 
N(1)–C(2) 1.4548(14)  N(1)–C(2)–P(2) 112.84(8) 
C(2)–P(2) 1.8888(11)  C(2)–P(2)–C(21) 97.74(5) 
P(2)–C(21) 1.8353(12)  C(2)–P(2)–C(27) 100.94(5) 
P(2)–C(27) 1.8329(12)  C(21)–P(2)–C(27) 101.19(5) 
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2.1.2 Synthesis and Characterisation of R'2PCH2N(R)CH2PR'2 Ligands (R' = Cy, 
Norb) 
 
Due to the success in recent years of utilising P based ligands bearing cyclohexyl groups 
for ethylene oligomerisation reactions,62,86 two new hydroxymethyl phosphines were 
synthesised that could be reacted further to form PCNCP ligands. The appropriate 
secondary phosphine (cyclohexyl or norbornyl) was reacted with a stoichiometric amount 
of (CH2O)n at 110 ºC for 45 min (Eqn. 2.2). The resulting colourless oils crystallised into a 
white solid upon cooling in a freezer and were used unpurified in subsequent reactions. 
These hydroxymethylphosphines were very air sensitive in both the solid state and in 
solution. 
R'2PH + (CH2O)n
110 ºC
R'2P OH Eqn. 2.2  
 
R' =
2.17 2.18  
 
 
Figure 2.3 31P{1H} NMR spectrum of 2.18 
[(Norb)2PCH2OH resonances lie in the region of δ(P) -2.3 – -2.6 ppm (# = impurity)]. 
# 
# 
#
# 
# # 
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The Cy2PCH2OH ligand 2.17 exhibited a single resonance at δ(P) 0.0 ppm in its 31P{1H} 
NMR spectrum, whereas, due to the various corformations of the norbornyl group, 
compound 2.18 gave a range of resonances in the region of δ(P) -2.3 – -2.6 ppm (Figure 
2.3). The minor peaks at around δ(P) -9 ppm were unknown impurities. The reason for this 
observed range of resonances is due to the different conformers that are available for the 
norbornyl groups when attached to a P atom. The P atom can sit axial or equatorial to the 
norbornyl group in both cases and therefore in different environments and hence different 
chemical shifts in the 31P{1H} NMR spectrum. The variation in intensities of the 
resonances reflects the variable distributions of these conformers in solution. In the 
majority of cases the axial P conformer will be in a higher energy and so there will be less 
of this form in solution.91 
R'2P
N
PR'2
R
Eqn. 2.3R'2P OH2 + R NH2
CH3OH
 
=
R
R' = Cy 2.19 2.20 2.21 2.22
R' = Norb 2.23 2.24 2.25 2.26  
 
Having synthesised the hydroxymethyl phosphines 2.17 and 2.18, they were condensed in a 
2:1 ratio with a range of primary amines to yield the symmetric PCNCP ligands 2.19 – 2.26 
containing cyclohexyl or norbornyl groups on the P atoms. A solution containing two 
equivalents of R'2PCH2OH and one equivalent of the appropriate amine was stirred at room 
temperature, for 2.19 – 2.21, or refluxed at 70 – 80 ºC, for 2.22 – 2.26. The ligands 
containing phenyl substituents at the R position 2.22 and 2.26 required much longer 
reaction times than their aliphatic analogues. The solution was concentrated to 
approximately 20 cm3 under reduced pressure and the respective white solids filtered and 
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dried in vacuo. Ligands 2.19 – 2.22 containing cyclohexyl groups were air stable in the 
solid state but quickly oxidised in solution. In contrast the ligands containing the norbornyl 
substituents 2.23 – 2.26 oxidised quickly in both the solid state and in solution. 
 
Table 2.3 Selected 31P{1H} and 1H NMR dataa for 2.19 – 2.26. 
 
 
 δ(P) δ(CH2) 
2.19 -16.6 2.6 
2.20 -18.0 2.7 
2.21 -17.5 2.8 
2.22 -15.5 3.7 
2.23 -16.0 – -19.0 2.3 – 2.7 
2.24 -18.0 – -22.0 2.3 – 2.8 
2.25 -18.0 – -21.0 2.3 – 2.8 
2.26 -19.0 – -20.0 3.5 – 3.8 
 
a NMR spectra measured in CDCl3 (in ppm). 
 
The cyclohexyl derivatives of these PCNCP ligands 2.19 – 2.22 gave rise to a single 
resonance in the 31P{1H} NMR spectra in the region of δ(P) -15.5 – -18.0 ppm (Table 2.3), 
which is clearly different from the Cy2PCH2OH resonance that appears at δ(P) 0.0 ppm. In 
the case of the norbornyl (phosphino)amines, 2.23 – 2.26, a range of resonances in the 
31P{1H} NMR spectra (Table 2.3) were observed for each individual ligand in the region of 
δ(P) -16.0 – -22.0 ppm, indicating an upfield shift of approximately 15 ppm from the 
(Norb)2PCH2OH starting material [δ(P) -2.3 – -2.6 ppm]. The increase in number of 
norbornyl groups in the ligand gives an increased number of permutations of axial and 
equatorial conformers and hence an increased number of resonances in the 31P{1H} NMR 
spectra of 2.23 – 2.26. The change in substituents on the P atoms from phenyl to cyclohexyl 
or norbornyl increases the basicity of the P atoms and hence gives a downfield shift in the 
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resonance obtained in the 31P{1H} NMR spectra from approximately -27 ppm for the 
phenyl derivatives to ca. -18 ppm for the cyclohexyl and norbornyl analogues. 
 
2.1.3 Synthesis and Characterisation of PCNCP Ligands Incorporating 
Phospha-adamantane Cages 
 
In recent years a great deal of attention has been paid to sterically hindered, electron-rich 
phosphines within the field of catalysis.43,44,48-50,53-55,111 In particular 1,3,5,7-tetramethyl-
2,4,8-trioxa-6-phospha-adamantane, first described by Epstein and Buckler,46 has been 
found to be very useful in a number of cross-coupling reactions.43,54 For this reason PCNCP 
ligands containing this caged phosphine were synthesised in order to assess their catalytic 
ability in selective ethylene oligomerisation reactions. In order to prepare the appropriate 
hydroxymethylphosphine, one equivalent of AdPH was reacted with one equivalent of 
(CH2O)n at 110 ºC. At this temperature AdPH is in the liquid phase (mpt 90 – 91 ºC) and 
reacts with (CH2O)n to give AdPCH2OH 2.27 (Eqn. 2.4). This new compound 2.27 was 
characterised by 31P{1H} NMR spectroscopy [δ(P) -31.2 ppm] and used directly in 
subsequent condensation reactions. 
O P
O O
OHO PH
O O
+ (CH2O)n
110 ºC
Eqn. 2.4
2.27  
 
The simplicity of this reaction can be seen from the images of the reagents and product 
(Figure 2.4), since no work up is required the AdPCH2OH can be used directly in the same 
Schlenk tube. Using a similar Mannich-based condensation reaction to that employed to 
prepare 2.1 – 2.16, AdPCH2OH and a primary amine were reacted together in a 2:1 ratio to 
give the caged diphosphines 2.28 – 2.31. 
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Figure 2.4 Two images showing the facile synthesis of AdPCH2OH. 
 
O P
O O
OH
O P
O O
OP
OO
N
R
Eqn. 2.52 + R NH2
CH3OH
 
=
R
2.28 2.29 2.30 2.31  
 
Refluxing a solution of the relevant amine and AdPCH2OH in methanol, in the correct 
stoichiometric amount, gave the desired bis(phosphino)amine. Concentration of the 
solution to approximately 2 cm3 under reduced pressure was sufficient to aid precipitation 
of the ligands 2.28, 2.29 and 2.31, which were filtered and dried in vacuo. Compound 2.30 
required the solvent to be evaporated to dryness under reduced pressure leaving a yellow 
oil. The compounds obtained via this method slowly oxidised in the solid state and in 
solution. Yields for the ligands 2.28 – 2.31 were in the range of 50 – 75%. Due to the 
presence of chirality within the adamantane cage two diastereomers are formed that give 
rise to two separate resonances in the 31P{1H} NMR spectra for these particular 
 
AdP−H 
+ 
(CH2O)n 
 
 
AdPCH2OH 
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diphosphines. The two resonances exhibited by the ligands 2.28 – 2.31 were in the region 
of δ(P) -37 – -44 ppm (Table 2.4) displaying on average a 10 ppm upfield shift with respect 
to AdPCH2OH 2.27. Within the 1H NMR spectra of these ligands there are two doublet 
PCH2 resonances in the region of δ(H) 2.4 – 2.8 ppm, with coupling constants of ca. 14 Hz. 
 
Table 2.4 Selected 31P{1H} and 1H NMR dataa for 2.28 – 2.31. 
 
 
 δ(P) δ(PCH2) 
2.28 -41.0, -41.3 2.8, 3.0 
2.29 -40.5, -40.8 2.4, 3.0 
2.30 -37.9, -38.5 2.6, 3.2 
2.31 -42.5, -43.6 3.4, 3.8 
 
a NMR spectra measured in CDCl3 (in ppm). 
 
2.1.3.1 X-ray Crystal Structures of AdPCH2N(R)CH2PAd Ligands (R= iPr, Ph) 
 
Crystals of 2.29 and 2.31 suitable for X-ray crystallography were grown from a methanol 
solution over 24 h at room temperature.  
 
 
Figure 2.5 Crystal structures of AdPCH2N(iPr)CH2PAd 2.29 and 
AdPCH2N(Ph)CH2PAd 2.31. 
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The X-ray structures (Figure 2.5 and Table 2.5) shows that there is little difference between 
the internal bond lengths and angles within the adamantane cages in each of the two 
structures 2.29 and 2.31 and are also comparable to values for 1.14 in the literature47 for 
diphosphines containing two adamantane cages. For 2.31 the bond lengths and angles in 
and around each individual adamantane cage are identical and are statistically similar to 
those of 2.29. 
 
Table 2.5 Selected bond lengths (Å) and angles (º) for compounds 2.29 and 2.31. 
 
 
 2.29 2.31 
C(1)–P(1) 1.8799(17) 1.8819(19) 
C(6)–P(1) 1.8721(19) 1.8711(18) 
P(1)–C(11) 1.8577(17) 1.8765(18) 
C(11)–N(1) 1.475(2) 1.458(2) 
N(1)–C(12) 1.487(2) 1.388(3) 
N(1)–C(15) 1.471(2)  
C(15)–P(2) 1.8565(16)  
P(2)–C(16) 1.8734(16)  
P(2)–C(21) 1.8761(16)  
   
C(1)–P(1)–C(6) 92.47(8) 92.82(8) 
C(1)–P(1)–C(11) 100.41(8) 99.80(8) 
C(6)–P(1)–C(11) 101.36(9) 104.31(8) 
P(1)–C(11)–N(1) 111.50(11) 114.03(11) 
C(11)–N(1)–C(15) 110.27(12) 114.2(2) 
N(1)–C(15)–P(2) 110.95(11)  
C(15)–P(2)–C(16) 101.87(8)  
C(15)–P(2)–C(21) 102.42(7)  
C(16)–P(2)–C(21) 92.88(7)  
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2.1.4 Coordination Studies of PCNCP Ligands 
 
2.1.4.1 Coordination Chemistry of Ph2PCH2N(R)CH2PPh2 Ligands 
 
A number of Pd catalysts containing ligands with a PCNCP backbone have been studied 
over the years for a number of different catalytic processes.12-15,28-30,32 The majority of these 
compounds have been synthesised by formation of a six-membered chelate ring between 
the Pd centre and the appropriate diphosphine. There are further examples of six-membered 
chelate ring formation with a number of other transition metal centres including Ru,18 
Rh,31,89 Ni33 and Pt.9 From previous coordination chemistry performed on this type of 
ligand it was expected that, when bound to PtII, a compound containing a six-membered 
chelate ring would be formed. To substantiate this, ligands 2.1 – 2.16 were reacted 
individually with PtCl2(COD) to give the complexes cis-PtCl2{Ph2PCH2N(R)CH2PPh2} 
2.32 – 2.47 (Eqn. 2.6). The complexes 2.32 – 2.47 were synthesised via addition of one 
equivalent of the appropriate ligand to a solution containing one equivalent of PtCl2(COD) 
in dichloromethane. After stirring at room temperature for 1 h, the solution was 
concentrated to approximately 2 cm3 under reduced pressure and the required products 
precipitated by addition of diethyl ether. The yields for these compounds were typically in 
the range 47 – 96%. 
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Pt
Cl
Ph2P
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Ph2
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Eqn. 2.6
CH2Cl2
 
 
F3C CF3
OMe
OMe
R
N
=
2.32 2.33 2.34 2.35 2.36 2.37
2.38 2.39 2.40 2.41
2.42 2.43 2.44
2.45 2.46 2.47  
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Table 2.6 Selected 31P{1H} NMR, 1H NMR and IR dataa for 2.32 – 2.47. 
 
 
 δ(P) δ(CH2) 1J(PtP) νPtCl 
2.32 -8.8 3.3 3384 314, 293 
2.33 -9.0 3.3 3397 311, 292 
2.34 -8.5 3.4 3414 313, 291 
2.35b -6.0 3.5 3429 309, 290 
2.36 -8.8 3.4 3408 313, 292 
2.37 -5.3 4.0 3419 319, 293 
2.38 -8.5 4.1 3460 312, 290 
2.39 -5.9 4.0 3421 317, 295 
2.40 -8.5 4.1 3460 314, 293 
2.41 -8.3 4.2 3436 320, 296 
2.42 -5.5 4.2 3449 319, 293 
2.43 -8.6 3.4 3389 312, 295 
2.44 -7.0 3.4 3408 316, 296 
2.45 -5.4 4.0 3408 316, 294 
2.46 -5.1 4.0 3416 315, 293 
2.47 -5.5 4.1 3421 318, 294 
 
a NMR spectra measured in CDCl3 (in ppm). Coupling constants (J) in Hz. IR spectra measured as KBr discs 
(in cm-1). b Product found to be only 40% pure by 31P{1H} NMR. 
 
The characterisation of the complexes 2.32 – 2.47 showed a large downfield shift in the 
δ(P) values with respect to the free ligands 2.1 – 2.16 within their 31P{1H} NMR spectra. 
All of the PtII complexes gave a single P resonance in the region of -5.0 – -9.0 ppm with 
1J(PtP) coupling constants of approximately 3400 Hz. The relatively large coupling 
constant indicates the diphosphine sits in a cis conformation with respect to the metal 
centre and substantiates the six-membered chelate ring that is formed. The poor purity of 
2.35 was possibly due to the impure ligand 2.4 used in the synthesis. 
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An interesting difference in the chemical shift arose between the compounds with phenyl 
rings attached to the N atom 2.37 – 2.42. Placing methyl or isopropyl groups in the ortho 
positions, 2.38, 2.40 and 2.41, gave an upfield shift of approximately 3 ppm with respect to 
their unsubstituted analogue 2.37 and the meta-substituted derivatives 2.39 and 2.42. A 
possible explanation for this shift could be linked to the orientation of the phenyl 
substituent with respect to the chelate ring, with the ortho methyl/isopropyl groups being 
required to sit above and below the plane of the chelate ring. In the 1H NMR spectra for 
these complexes the CH2 resonances were observed in the range 3.3 – 4.2 ppm, with the 
compounds with aliphatic groups at the R position 2.32 – 2.36, 2.43 and 2.44 exhibiting 
resonances towards the lower end of this range and the aromatic analogues 2.37 – 2.42 and 
2.45 – 2.47 at the upper extreme. 
 
In the IR spectra of 2.32 – 2.37 there were two stretches in the region of 290 – 320 cm-1 
indicative of νPtCl (Table 2.6). The presence of these two stretches provides extra 
confirmation that the complexes have a cis arrangement as opposed to the trans isomer 
which would only give one νPtCl vibration. 
 
2.1.4.2 X-ray Crystal Structures of PtCl2{Ph2PCH2N(R)CH2PPh2} [R = Me, iPr, tBu, 
Cy, Ph, CH2-2,4-(MeO)2C6H3, Naphth, Quin] 
 
Crystals of 2.32, 2.34 and 2.36 suitable for X-ray crystallography were grown by slow 
diffusion of diethyl ether into a CDCl3 solution, whereas crystals of 2.35, 2.37, 2.43, 2.45 
and 2.46 were obtained by slow evaporation of diethyl ether into a dichloromethane 
solution. Selected bond lengths and angles for these compounds are given in Table 2.7 and 
selected structures are shown in Figure 2.6. 
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Figure 2.6 Crystal structures of a) PtCl2{Ph2PCH2N(Me)CH2PPh2} 2.32, b) PtCl2{Ph2PCH2N(iPr)CH2PPh2} 2.34, 
c) PtCl2{Ph2PCH2N(tBu)CH2PPh2} 2.35, d) PtCl2{Ph2PCH2N(Ph)CH2PPh2} 2.37, e) PtCl2{Ph2PCH2N[CH2-2,4-
(MeO)2C6H3]CH2PPh2} 2.43 and f) PtCl2{Ph2PCH2N(Quin)CH2PPh2} 2.46. 
a) b) c) 
d) e) f)
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Table 2.7 Selected bond lengths (Ǻ) and angles (º) for 2.32, 2.34 – 2.37, 2.43, 2.45 and 2.46. 
 
 
 2.32 2.34 2.35 2.36 2.37 2.43 2.45 2.46 
Pt(1)–Cl(1) 2.3589(6) 2.3584(9) 2.3600(8) 2.3598(5) 2.3441(9) 2.3639(9) 2.3553(9) 2.345(2) 
Pt(1)–Cl(2) 2.3589(6) 2.3508(9) 2.3600(8) 2.3598(5) 2.3625(10) 2.3669(9) 2.3492(10) 2.3522(16) 
Pt(1)–P(1) 2.2223(6) 2.2286(9) 2.2281(9) 2.2211(5) 2.2231(9) 2.2285(10) 2.2157(10) 2.2246(15) 
Pt(1)–P(2) 2.2223(6) 2.2352(9) 2.2281(9) 2.2211(5) 2.2324(9) 2.2243(9) 2.2271(9) 2.209(2) 
P(1)–C(1) 1.838(3) 1.830(3) 1.839(4) 1.844(2) 1.844(4) 1.825(4) 1.827(4) 1.847(7) 
C(1)–N(1) 1.457(3) 1.457(4) 1.469(4) 1.460(2) 1.458(4) 1.465(4) 1.449(5) 1.455(9) 
N(1)–C(2) 1.457(3) 1.465(4) 1.469(4) 1.460(2) 1.446(4) 1.475(4) 1.473(5) 1.457(8) 
C(2)–P(2) 1.838(3) 1.834(3) 1.839(4) 1.844(2) 1.841(4) 1.843(3) 1.855(4) 1.836(7) 
         
Cl(1)–Pt(1)–P(1) 88.55(2) 89.54(3) 87.05(3) 86.815(19) 88.13(3) 88.14(3) 84.80(4) 87.92(6) 
Cl(1)–Pt(1)–P(2) 176.46(2) 176.22(3) 176.15(3) 176.685(18) 172.97(4) 175.37(3) 178.60(4) 175.60(6) 
Cl(1)–Pt(1)–Cl(2) 89.38(3) 88.97(3) 89.59(4) 90.18(3) 88.77(3) 90.11(3) 90.54(4) 90.51(7) 
Cl(2)–Pt(1)–P(2) 88.55(2) 87.90(3) 87.05(3) 86.815(19) 87.83(3) 86.78(3) 88.15(4) 85.20(7) 
Cl(2)–Pt(1)–P(1) 176.46(2) 177.63(3) 176.15(3) 176.685(18) 175.57(3) 173.71(4) 175.26(4) 178.36(7) 
P(1)–Pt(1)–P(2) 93.36(3) 93.51(3) 96.24(5) 96.15(3) 94.91(3) 95.31(3) 96.51(4) 96.37(6) 
Pt(1)–P(1)–C(1) 111.85(8) 115.28(12) 117.02(12) 117.46(6) 117.57(12) 117.38(14) 117.21(13) 117.0(2) 
P(1)–C(1)–N(1) 114.99(19) 113.0(2) 108.3(3) 111.91(14) 113.1(2) 110.4(3) 110.5(3) 113.8(4) 
C(1)–N(1)–C(2) 111.1(3) 110.3(3) 108.4(4) 109.5(2) 112.4(3) 109.2(3) 112.3(3) 111.1(6) 
N(1)–C(2)–P(2) 114.99(19) 113.2(2) 108.3(3) 111.91(14) 111.8(2) 113.2(2) 113.7(2) 110.3(4) 
C(2)–P(2)–Pt(1) 176.46(2) 116.54(12) 117.02(12) 117.46(6) 117.56(12) 117.84(12) 117.24(13) 117.0(3) 
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The overall geometry is square planar with respect to the PtII centre and, as indicated by the 
characterisation of these compounds, the donor atoms are in a cis arrangement. The Pt-P 
and Pt-Cl bond lengths are similar for all structures and lie in the ranges 2.209(2) – 
2.2352(9) Ǻ and 2.3441(9) – 2.3669(9) Ǻ respectively. These values also compare 
favourably with those found for other PtII complexes containing diphosphines found in the 
literature.112 There is only a slight variation in the P(1)–Pt(1)–P(2) bite angle in the region 
of 93.36(3) – 96.37(6)º suggesting that altering the substituent on the N atom has little 
effect on this particular angle. The Pt···O distances of 5.803 Ǻ [for O(1)] and 8.817 Ǻ [for 
O(2)] for 2.43 suggest that there is no interaction between the metal and the O atoms 
Further ring comformation studies are in section 4.2. 
 
2.1.4.3 Synthesis of PtCl2{Ph2PCH2N(H)CH2PPh2} 
 
Although the majority of diphosphines that have been tested for selective ethylene 
oligomerisation reactions have contained tertiary amines, there have been cases where the 
secondary amine, containing an NH group, have been screened.62 Thus far, the efforts of 
this project have concentrated on substituted (phosphino)amines, but an attempt was made 
to synthesise a Ph2PCH2N(H)CH2PPh2 ligand. This involved pre-synthesis of ligand 2.12 
followed by C-N bond cleavage with CF3CO2H to give the desired compound.  
Cl
Pt
Cl
Ph2
P
P
N
Ph2
C7H8OMe
OMe
Reflux
Cl
Pt
Cl
Ph2
P
P
NH
Ph2
Eqn. 2.7
2.43 2.48
CF3CO2H
 
 
Upon addition of the acid it was found that the ligand decomposed and the 31P{1H} NMR 
spectrum contained a large number of unknown species. An attempt was made to cleave 
this same C-N bond within the PtII complex 2.43. It was thought that the coordinated ligand 
would be more stable and hence the CF3CO2H would only cleave at the desired C-N bond. 
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For this reason CF3CO2H was added to a solution of compound 2.43 to give cis-
PtCl2{Ph2PCH2N(H)CH2PPh2} 2.48 (Eqn. 2.7). Three drops of CF3CO2H were added to a 
solution 2.43 in toluene and the resulting solution was refluxed for 40 h. The product was 
isolated by evaporation to dryness of the solvent under reduced pressure and was obtained 
in a yield of 90%. 
 
Compound 2.48 exhibited a single resonance in the 31P{1H} NMR spectrum (in CDCl3) at 
δ(P) -14.3 ppm, which represents an approximately 6 ppm upfield shift with respect to 2.43. 
The 1J(PtP) coupling constant 3372 Hz was very similar in magnitude to that of 2.43 and 
within the IR spectra of these two compounds, the νPtCl stretches were also between 320 and 
290 cm-1. The presence of a characteristic weakly absorbing νNH vibration at 3400 cm-1 
added further evidence to the C-N bond cleavage to give compound 2.48. 
 
2.1.4.4 Coordination Chemistry of R'2PCH2N(R)CH2PR'2 Ligands 
 
The synthesis of the complexes PtCl2{R'2PCH2N(R)CH2PR'2} 2.49 – 2.56 was achieved via 
displacement of COD from PtCl2(COD) with one equivalent of R'2PCH2N(R)CH2PR'2 2.19 
– 2.26 in dichloromethane in a similar manner to the preparation of compounds 2.32 – 2.47. 
 
Cl
Pt
Cl
R'2P
N
PR'2
R
+
Cl
Pt
Cl
R'2
P
P
N R
R'2
Eqn. 2.8
CH2Cl2
 
 
=
R
R' = Cy 2.49 2.50 2.51 2.52
R' = Norb 2.53 2.54 2.55 2.56  
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As for the phenyl derivatives of these PtII complexes, there is a downfield shift in the 
chemical shift from the free ligands in the 31P{1H} NMR spectra of ca. 20 ppm. 
Compounds 2.49 – 2.52 exhibited a single resonance at around δ(P) 5 ppm in the 31P{1H} 
NMR spectra, while complexes 2.53 – 2.56, as with their respective free ligands 2.23 – 
2.26, have a range of resonances lying in the region of δ(P) 7.0 – -2.0 ppm. All of these 
new complexes have appropriate 1J(PtP) coupling constants of approximately 3450 Hz. 
Within the IR spectra of these compounds, the characteristic νPtCl vibrations were observed. 
 
Table 2.8 Selected 31P{1H} NMR, 1H NMR and IR dataa for 2.49 – 2.56. 
 
 
 δ(P) δ(CH2) 1J(PtP) νPtCl 
2.49 6.1 2.6 3463 314, 290 
2.50 4.5 2.7 3476 305, 281 
2.51 4.4 2.8 3471 302, 279 
2.52 5.5 3.4 3458 304, 282 
2.53 7.0 – 2.0 2.3 – 3.0 3434b 302, 277 
2.54 4.0 – -2.0 2.5 – 2.8 3410b 304, 278 
2.55 4.0 – -1.0 2.5 – 2.9 3406b 306, 278 
2.56 5.0 – -1.0 2.5 – 3.5 3408b 304, 279 
 
a NMR spectra measured in CDCl3 (in ppm). Coupling constants (J) in Hz. IR spectra measured as KBr discs 
(in cm-1). b 1J(PtP) coupling constant was calculated for the most intense P containing species. 
 
2.1.4.5 X-ray Crystal Structures of PtCl2{Cy2PCH2N(R)CH2PCy2} (R = Me, iPr, Cy) 
and PtCl2{(Norb)2PCH2N(Ph)CH2P(Norb)2} 
 
Crystals suitable for X-ray crystallography of 2.49 – 2.51 and 2.56 were grown by slow 
diffusion of diethyl ether into dichloromethane solutions. 
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Figure 2.7 Crystal Structures of a) PtCl2{Cy2PCH2N(Me)CH2PCy2} 2.49, 
b) PtCl2{Cy2PCH2N(iPr)CH2PCy2} 2.50, c) PtCl2{Cy2PCH2N(Cy)CH2PCy2} 2.51 and 
d) PtCl2{(Norb)2PCH2N(Ph)CH2P(Norb)2} 2.56. 
 
The majority of bond lengths and angles are similar to the previously synthesised 
PtCl2{Ph2PCH2N(R)CH2PPh2} complexes and, as with these analogous compounds, 2.49 – 
2.51 and 2.56 are also square planar with respect to the PtII atom. There is a small change in 
the Pt-Cl bond lengths with respect to the phenyl derivatives 2.32, 2.34 – 2.37, 2.43, 2.45 
and 2.46 which can possibly be attributed to a variation in electronic properties of the P 
a) b) 
c) d) 
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atoms due to the replacement of the electron withdrawing phenyl groups with the electron 
donating cyclohexyl/norbornyl substituents. The two P donor atoms form a six-membered 
Pt-P-C-N-C-P chelate ring that accordingly adopts a cis conformation. 
 
Table 2.9 Selected bond lengths (Ǻ) and angles (º) for 2.49 – 2.51 and 2.56. 
 
 
 2.49 2.50 2.51 2.56 
Pt(1)–Cl(1) 2.3600(8) 2.3591(7) 2.3634(14) 2.367(2) 
Pt(1)–Cl(2) 2.3539(7) 2.3764(7) 2.3624(14) 2.366(2) 
Pt(1)–P(1) 2.2332(7) 2.2389(7) 2.2358(15) 2.240(3) 
Pt(1)–P(2) 2.2277(8) 2.2372(7) 2.2347(14) 2.237(2) 
P(1)–C(1) 1.838(3) 1.836(3) 1.837(6) 1.835(12) 
C(1)–N(1) 1.463(4) 1.462(3) 1.449(7) 1.458(13) 
N(1)–C(2) 1.468(4) 1.462(3) 1.455(7) 1.462(14) 
C(2)–P(2) 1.831(3) 1.837(3) 1.839(5) 1.826(11) 
     
Cl(1)–Pt(1)–P(1) 88.72(3) 87.63(2) 88.46(5) 88.96(9) 
Cl(1)–Pt(1)–P(2) 172.99(3) 175.54(2) 175.33(5) 174.61(9) 
Cl(1)–Pt(1)–Cl(2) 87.24(3) 88.51(2) 88.31(5) 86.43(9) 
Cl(2)–Pt(1)–P(2) 87.69(3) 87.40(2) 87.02(5) 88.48(9) 
Cl(2)–Pt(1)–P(1) 175.94(3) 175.37(2) 176.71(5) 175.35(9) 
P(1)–Pt(1)–P(2) 96.31(3) 96.37(2) 96.20(5) 96.10(9) 
Pt(1)–P(1)–C(1) 117.63(10) 116.43(9) 117.18(19) 114.9(4) 
P(1)–C(1)–N(1) 115.10(19) 114.77(18) 115.7(4) 112.4(8) 
C(1)–N(1)–C(2) 110.5(2) 109.2(2) 109.8(4) 109.2(10) 
N(1)–C(2)–P(2) 113.9(2) 113.77(17) 109.9(4) 115.7(8) 
C(2)–P(2)–Pt(1) 116.86(11) 117.08(9) 115.82(18) 117.7(4) 
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2.1.4.6 Coordination Chemistry of AdPCH2N(R)CH2PAd Ligands 
 
The coordination chemistry of these diphosphines discussed thus far has indicated that the 
preferred configuration is cis due to chelate ring formation. The introduction of a bulky 
caged phosphine may suggest that the P donors could be unable to occupy this favoured cis 
geometry and hence could act as a monodentate ligand, similar to the nonsymmetric 
analogues 2.72 – 2.76, where only one P atom is coordinated to the metal centre. However 
Pringle et al.47 have shown that a similar compound with a C3 spacer between the two 
phospha-adamanatane cages does actually chelate to PdII, so this would suggest that our 
PCNCP systems may do the same. To investigate this, one equivalent of ligand was reacted 
with one equivalent of MCl2(COD) (M = Pt/Pd) in CH2Cl2 and isolated in a similar manner 
to the phenyl analogues 2.32 – 2.37. 
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2.60 2.61M = Pd  
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Table 2.10 Selected 31P{1H} NMR, 1H NMR and IR dataa for 2.57 – 2.61. 
 
 
 δ(P) δ(CH2) 1J(PtP) νMCl 
2.57 -18.3, -20.8 2.6 – 3.8 3393, 3379 322, 291 
2.58 -16.2, -19.3 2.9 – 4.0 3395, 3402 317, 291 
2.59 -18.7, -22.4 3.4 – 4.1 3369, 3340 320, 291 
2.60 -1.9, -5.8 2.7 – 3.9 – 307, 288 
2.61 -1.7 3.6 – 4.1 – 314, 290 
 
a NMR spectra measured in CDCl3 (in ppm). Coupling constants (J) in Hz. IR spectra measured as KBr discs 
(in cm-1). 
 
As with the free ligands 2.28, 2.29 and 2.31 the complexes exhibited two resonances in 
their 31P{1H} NMR spectra due to the chirality of the phospha-adamantane cage, with 
exception of 2.61 which seemed to either favour one of the two enantiomers or possibly be 
overlapped and so a single resonance was observed. As with previous complexes of this 
type there was a large downfield change in chemical shift of ca. 20 ppm for the PtII 
compounds 2.57 – 2.59 and approximately 40 ppm for the PdII containing 2.60 and 2.61. 
Having demonstrated that symmetric bulky diphosphines were able to P,P-chelate to 
square-planar transition metals, their ability to bridge two AuI centres was investigated. 
Ligand 2.31 was reacted with AuCl(tht) to form the desired PhN(CH2PAdAuCl)2 2.62 
(Eqn.2.10). 
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Eqn. 2.10+2AuCl(tht)
2.62  
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Ligand 2.31 was added to a dichloromethane solution containing two equivalents of 
AuCl(tht) and the solution stirred in the dark [due to the light sensitive nature of AuCl(tht)] 
for 45 min. The complex 2.62 was precipitated with diethyl ether and isolated in a 67% 
yield. Upon characterisation of this AuI complex 2.62 a single resonance was observed in 
the 31P{1H} NMR spectrum at δ(P) 12.0 ppm in contrast to the pairs of resonances 
exhibited by the PtII and PdII complexes 2.57 – 2.60. The νAuCl vibration at 335 cm-1 in the 
infrared spectrum of compound 2.62 indicates that the diphosphine has successfully 
displaced the tht ligand. 
 
2.1.4.7 X-ray Crystal Structure of PtCl2{AdPCH2N(iPr)CH2PAd} 
 
Crystals of 2.58 suitable for X-ray crystallography were grown by slow diffusion of diethyl 
ether into a CDCl3 solution. 
 
 
 
Figure 2.8 Crystal structure of PtCl2{AdPCH2N(iPr)CH2PAd} 2.58. 
 
The increase in steric bulk placed around the P atoms by the phospha-adamantane cages 
restricts certain parameters within compound 2.58. The Cl(1)–Pt(1)–Cl(2) angle for 2.58 
[83.99(4)º] is greatly reduced with respect to the analogous 2.34 [88.97(3)º] with phenyl 
substituents on the P atoms due to the bulk of the caged phosphine. This also causes a 
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similar effect with respect to the Pt-P bond lengths that are slightly increased [2.2554(12) 
and 2.2698(12) Ǻ for 2.58; 2.2286(9) and 2.2352(9) Ǻ for 2.34] as the bulky phosphine is 
unable to approach close to the PtII centre on the basis of steric hindrance. These 
differences are also observed within analogous compounds prepared by Pringle et al.47 
 
Table 2.11 Selected bond lengths (Ǻ) bond angles (º) for 2.58. 
 
 
Pt(1)–Cl(1) 2.3454(12)  P(1)–Pt(1)–Cl(1) 89.67(4) 
Pt(1)–Cl(2) 2.3480(11)  P(2)–Pt(1)–Cl(1) 174.80(4) 
Pt(1)–P(1) 2.2554(12)  Cl(1)–Pt(1)–Cl(2) 83.99(4) 
Pt(1)–P(2) 2.2698(12)  Cl(2)–Pt(1)–P(2) 90.84(4) 
P(1)–C(11) 1.849(5)  P(1)–Pt(1)–Cl(2) 173.38(4) 
N(1)–C(11) 1.454(6)  P(1)–Pt(1)–P(2) 95.51(4) 
N(1)–C(15) 1.455(6)  Pt(1)–P(1)–C(11) 116.24(16) 
P(2)–C(15) 1.843(4)  P(1)–C(11)–N(1) 112.4(3) 
   C(11)–N(1)–C(15) 109.6(4) 
   N(1)–C(15)–P(2) 109.2(3) 
   C(15)–P(2)–Pt(1) 115.23(15) 
 
 
2.1.5 Chromium Chemistry of PCNCP Ligands 
 
In recent years, the majority of known catalysts for selective ethylene oligomerisation 
reactions to 1-hexene58,59,61-63,65,67,87,92-104 and 1-octene60,86-88,99,102,103105-108 are Cr based, 
many of which contain neutral phosphorus based ligands. In order to investigate the mode 
in which our PCNCP ligands coordinate to a Cr centre they were reacted with 
Cr(CO)4(nbd) to give Cr(CO)4{Ph2PCH2N(R)CH2PPh2} (Eqn. 2.11). The variation in 
geometries and conformations of these Cr0 complexes, along with their electronic 
properties, could explain any differences in catalytic ability. 
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2.63 2.64 2.65  
 
The ligands 2.3, 2.6 and 2.14 were reacted with Cr(CO)4(nbd) in a 1:1 ratio.  The reaction 
entailed heating a THF solution of the two starting materials at 50 ºC for 1 h. Green solids 
were obtained via evaporation of the solvent to dryness under reduced pressure.109 Isolated 
yields of these Cr0 complexes 2.63 – 2.65 were in the range of 56 – 89%. Compound 2.66 
was synthesised in a similar manner with the appropriate bulky diphosphine 2.31. 
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As with their respective PtII complexes, 2.63 – 2.65 exhibited a single resonance in their 
31P{1H} NMR spectra at around δ(P) 40 ppm. This represented a large change in chemical 
shift with respect to the free ligands 2.3, 2.6 and 2.14 in the region of 65 – 70 ppm. The 
31P{1H} NMR spectrum of the phospha-adamantane derivative 2.66 also gave a significant 
downfield shift in the two resonances observed in comparison to 2.31, with the chirality of 
the caged phosphine again being indicated. 
THF
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Table 2.12 Selected 31P{1H} and 1H NMR dataa for 2.63 – 2.66. 
 
 
 δ(P) δ(CH2) 
2.63 38.6 3.3 
2.64 40.0 3.9 
2.65 41.0 3.7 
2.66 31.9, 29.1 2.5, 3.6 
 
a NMR spectra measured in CDCl3 (in ppm). 
 
Within the IR spectra (KBr discs) of these Cr0 complexes 2.63 – 2.66 there are four 
characteristic νCO stretches in the range of 1861 – 2009 cm-1. The spectra observed for 2.64 
and 2.65 gave broad stretches at ca. 1875 cm-1 where two of the vibrations overlapped. 
Analogous Cr0 complexes discussed in the literature108,110 containing PNP ligands gave 
similar signals in the IR spectra suggesting that the atom to which the P atoms are bound 
has little influence on the carbonyl stretching region. Although the difference between N-
bonded and C-bonded P atoms was small, Wass et al.110 found a change in wavenumber 
when replacing a phenyl H atom with an electron donating OMe substituent as the 
phosphine became slightly more basic. 
 
Table 2.13 Selected IR dataa for 2.63 – 2.66. 
 
 
 νCO 
2.63 2009 1914 1882 1861 
2.64 2009 1920 1874 
2.65 2007 1923 1877 
2.66 2006 1922 1893 1883 
 
a IR spectra measured as KBr discs (in cm-1). 
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2.1.5.1 X-ray Crystal Structures of Cr(CO)4{Ph2PCH2N(R)CH2PPh2} (R = iPr, Ph, 
Naphth) and Cr(CO)4{AdPCH2N(Ph)CH2PAd} 
 
Crystals suitable for X-ray crystallography of 2.63 – 2.66 were grown by slow diffusion of 
methanol into a dichloromethane solution (for 2.63 – 2.65) and by slow evaporation of a 
methanol and CDCl3 solution (for 2.66). 
 
 
 
 
 
 
Figure 2.9 Molecular structures of a) Cr(CO)4{Ph2PCH2N(iPr)CH2PPh2} 2.63, 
b) Cr(CO)4{Ph2PCH2N(Ph)CH2PPh2} 2.64, c) Cr(CO)4{Ph2PCH2N(Naphth)CH2PPh2} 2.65 
and d) Cr(CO)4{AdPCH2N(Ph)CH2PAd} 2.66. 
a) b) 
c) d) 
 69
Table 2.14 Selected bond lengths (Ǻ) and angles (º) for 2.63 – 2.66. 
 
 
 2.63a 2.64 2.65 2.66 
Cr(1)–P(1) 2.3482(8) 2.3509(9) 2.3774(11) 2.2637(4) 2.4329(4) 
Cr(1)–P(2) 2.3504(8) 2.3546(8) 2.3575(11) 2.3567(4) 2.3829(3) 
Cr(1)–C(1) 1.906(3) 1.904(4) 1.895(5) 1.8924(16) 1.8808(13)
Cr(1)–C(2) 1.874(3) 1.881(3) 1.884(5) 1.8897(16) 1.8945(14)
Cr(1)–C(3) 1.859(3) 1.853(3) 1.850(4) 1.8560(15) 1.8555(14)
Cr(1)–C(4) 1.856(3) 1.857(3) 1.859(4) 1.8602(15) 1.8548(14)
      
P(1)–Cr(1)–P(2) 90.29(3) 88.58(3) 88.82(4) 87.144(14) 90.922(11)
P(1)–Cr(1)–C(1) 90.45(10) 91.35(10) 96.01(11) 97.29(5) 97.09(4)b
P(1)–Cr(1)–C(2) 88.04(10) 87.75(10) 87.94(12) 90.86(5) 91.31(4)b
P(1)–Cr(1)–C(3) 89.53(10) 90.92(10) 92.27(12) 87.24(5) 93.47(5)b
P(1)–Cr(1)–C(4) 177.53(10) 178.52(11) 174.39(13) 176.56(5) 177.94(4)b
P(2)–Cr(1)–C(1) 89.48(9) 89.05(10) 93.90(12) 93.17(5) 94.82(4)b
P(2)–Cr(1)–C(2) 87.12(10) 91.21(9) 86.79(11) 86.11(5) 94.39(5)b
P(2)–Cr(1)–C(3) 178.32(12) 175.28(10) 177.62(14) 174.38(5) 174.70(4)b
P(2)–Cr(1)–C(4) 91.86(10) 90.32(11) 90.37(12) 95.76(5) 89.75(4)b
 
a Two independent molecules were observed in the unit cell of 2.63. 
b Equivalent atom labels for C(1), C(2), C(3), C(4) are C(30), C(29), C(32), C(31). 
 
The geometries of 2.63 – 2.66 are ostensibly octahedral with respect to the Cr0 centre and 
the P donor atoms are in a cis arrangement affording a six-membered chelate ring. The 
major features of these structures are very similar and are also comparable with Cr0 
complexes containing neutral diphosphines prepared by Butenschon and co-workers.109 For 
the phospha-adamantane cage containing compound 2.66 the P(1)–Cr(1)–P(2) bite angle is 
increased with respect to its phenyl substituted counterparts 2.63 – 2.65 due to the steric 
bulk around the P donor atoms. Due to the ability of these diphosphines to act as π-acceptor 
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ligands the Cr-C bond lengths for C(3)/C(4) (2.62 – 2.64 Ǻ) and C(31)/C(32) (2.65 Ǻ), that 
are trans to the P atoms, are shorter than for C(1)/C(2)  (2.62 – 2.64 Ǻ) and C(29)/C(30) 
(2.65 Ǻ) that are trans to each other. 
 
2.2 Synthesis and Coordination Studies of Nonsymmetric PCNCP Ligands 
 
Nonsymmetric ditertiary phosphines have rarely been studied in relation to their symmetric 
counterparts possibly reflecting the laborious task of performing multistep syntheses.113-118 
When considering possible coordination modes for nonsymmetric diphosphines of the type 
R2PCH2XCH2PR'2 [where X = N(R), CH2N(R)CH2] various coordination modes are 
plausible some of which are shown in Figure 2.10. Hence P-monodentate coordination is 
possible at either –PR2 or –PR'2 centres (structures I and II) and μ-PP' bridging between 
similar or different metal centres (structures III–V; the presence of the dashed line 
indicates the possibility of metal-metal interactions). Alternatively such mixed ligands may 
adopt a more classic PP'-chelating mode to a single metal centre (structure VI) as is 
adopted by the symmetric PCNCP ligands described previously. Finally, depending on the 
nature of the X spacer group [e.g. N(R)] separating the two phosphorus donor atoms, PNP'-
tridentate coordination is possible utilising all three Group 15 donor atoms (structure 
VII).23 
 
R2P X PR'2
[M]
R2P X PR'2
[M]
R2P X PR'2
[M][M]
R2P X PR'2
[M]
R2P X PR'2
[M][M'] [M']
R2P
X
PR'2
[M]
X
R2P PR'2
[M]
I II III
IV V VI VII
[M] [M]
 
 
Figure 2.10 Schematic representation of possible coordination modes for 
R2PCH2XCH2PR'2. 
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2.2.1 Synthesis of the Secondary Aminophosphines AdPCH2N(H)R 
 
A similar Mannich–based condensation reaction was used, as for compounds 2.1 – 2.16, to 
prepare the ligands AdPCH2N(H)R 2.67 – 2.72 (Eqn. 2.12). In this particular case, one 
equivalent of AdPCH2OH was reacted with an excess of the appropriate amine.24 
 
O P
O O
OH
+ R NH2 O P
O O
NH
R
Eqn. 2.12
CH3OH
5
 
R
=
Cl F
2.68
2.732.71 2.72
2.692.67
 
 
Stirring a solution of the appropriate amine, in excess, and AdPCH2OH gave the desired 
AdPCH2N(H)R ligands 2.67 – 2.72. Upon concentration of the solution to around 5 cm3 
under reduced pressure solids were obtained which were filtered and dried in vacuo. These 
ligands were found to be air stable in the solid state but oxidised in solution. The phenyl 
derivative of this ligand was obtained in high yield but this was not the case for the other 
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five compounds due to a second condensation reaction of the secondary amine giving the 
subsequent bis(phosphino)amine (see section 2.1.3). 
 
Ligands 2.67 – 2.72 displayed a single phosphorus resonance in their 31P{1H} NMR spectra 
at around δ(P) -33 ppm (Table 2.15), representing a small upfield shift of approximately 2 
ppm with respect to that observed for AdPCH2OH [δ(P) -31.2 ppm]. Within the 1H NMR 
spectra there are broad NH resonances in the region of δ(H) 3.3 – 4.9 ppm, along with CH2 
(methylene linker) resonances at approximately δ(H) 3.5 and 3.0 ppm. Further confirmation 
that the mono substituted (phosphino)amine has been synthesised can be found within the 
infrared spectra of compounds 2.67 – 2.72 with a characteristic weakly absorbing νNH 
stretch around 3400 cm-1. 
 
Table 2.15 Selected 31P{1H} NMR, 1H NMR and IR dataa for 2.67 – 2.72. 
 
 
 δ(P) δ(CH2) δ(NH) νNH 
2.67 -33.6 3.0, 2.4 3.3 3394 
2.68 -32.2 3.4, 2.9 3.9 3369 
2.69 -32.4 3.5, 3.0 3.8 3319 
2.70 -32.4 3.4, 2.9 3.8 3379 
2.71 -33.6 3.5, 3.0 4.3 3318 
2.72 -33.0 3.6, 3.2 4.9 3290 
 
a NMR spectra measured in CDCl3 (in ppm); IR spectra recorded as KBr discs (in cm-1). 
 
2.2.1.1 X-ray Crystal Structures of AdPCH2N(H)R (R = iPr and Ph) 
 
Crystals of 2.67 and 2.68 suitable for X-ray crystallography were grown upon evaporation 
of a methanol solution. 
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Figure 2.11 Molecular structures of AdPCH2N(H)iPr 2.67 and AdPCH2N(H)Ph 2.68. 
 
The X-ray structures of 2.67 and 2.68 have been determined (Figure 2.11 and Table 2.16) 
and confirm the presence of the phospha-adamantane cage. While crystallographic 
examples of sterically hindered phosphines containing this cage have been reported in the 
literature43,47,48,53,119-121 these structures represent the first examples of such a compound 
displaying a secondary amine functional group. The P(1)−C(11) [1.8585(16) Å for 2.67 and 
1.8591(19) Å for 2.68] and C(11)−N(1) [1.463(2) Å for 2.67 and 1.456(2) Å for 2.68] 
distances are similar to other documented tertiary phosphines bearing phenyl substituents 
on phosphorus [P−C 1.8208(19), 1.8515(18) Å; C−N 1.456(2), 1.454(2) Å] illustrating that 
the adamantane cage has negligible electronic/steric effects on these structural 
parameters.122,123 On the whole the gross features of both structures (2.67 and 2.68) are 
similar and illustrate the accessibility of the NH group to further functionalisation. 
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Table 2.16 Selected bond lengths (Å) and angles (º) for compounds 2.67 and 2.68. 
 
 
 2.67 2.68 
C(1)–P(1) 1.8661(16) 1.8739(18) 
C(4)–P(1) 1.8722(16) 1.8787(17) 
P(1)–C(11) 1.8585(16) 1.8591(19) 
C(11)–N(1) 1.463(2) 1.456(2) 
N(1)–C(12) 1.4766(19) 1.392(2) 
   
C(1)–P(1)–C(4) 92.95(7) 92.90(8) 
C(1)–P(1)–C(11) 101.75(7) 100.36(8) 
C(4)–P(1)–C(11) 102.47(7) 102.40(8) 
P(1)–C(11)–N(1) 108.65(11) 108.35(13) 
C(11)–N(1)–C(12) 114.17(13) 122.36(15) 
 
 
2.2.2 Synthesis of Nonsymmetric PCNCP Ligands 
 
Performing a second condensation reaction with the previously synthesised secondary 
aminophosphines 2.67 − 2.69, 2.71 and 2.72 and an appropriate hydroxymethylphosphine 
in methanol at room temperature gave the desired nonsymmetric ditertiary phosphines 2.73 
− 2.77. 
 
A solution of Ph2PCH2OH in methanol was added to the appropriate ligand in a 1:1 ratio 
and stirred for 2.73 – 2.75 and refluxed at 70–80 ºC for 2.76 and 2.77. In the case of 2.74, 
2.75 and 2.77, a white precipitate was obtained and was filtered and dried in vacuo. 
However, for the compounds with the iPr and the fluoro-substituted phenyl substituents on 
the N-atom, 2.73 and 2.76, the solvent was evaporated to dryness to yield colourless oils. 
The products synthesised by this method were air sensitive in both solution and the solid 
state. 
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R
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Following this second condensation, the 31P resonance for PB is shifted upfield by ca. 10 
ppm to approximately -42 ppm. The PA resonance is observed at around -27 ppm which is 
similar to the chemical shift that is observed for the equivalent symmetric ditertiary 
phosphines 2.1 – 2.16. The two doublet resonances in the respective 31P{1H} NMR spectra 
of these compounds indicate the nonsymmetric nature of these phosphines and appropriate 
4J(PP) coupling constants were measured (Table 2.17).  In the 1H NMR spectra of 2.73 − 
2.77 the PCH2 hydrogens are diastereotopic as two separate doublet of doublets are 
observed in the region of 3.0 – 4.5 ppm. Ligands 2.76 and 2.77 were found to be only 50% 
pure by 31P{1H} NMR spectroscopy with the major impurities being their respective 
symmetric bis(phosphino)amines with both phenyl and phospha-adamantane substituents 
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on the P-atom. Within the infrared spectra of these ligands the νNH stretches observed for 
the secondary aminophosphines, as would be expected, were absent. 
 
Table 2.17 Selected 31P{1H} and 1H NMR dataa for 2.73 – 2.77. 
 
 
 δ(PA) δ(PB) 4J(PAPB) δ(PCH2) 
2.73 -26.6 -41.1 47 3.0 – 3.4 
2.74 -27.4 -41.5 5 3.1 – 4.4 
2.75 -27.6 -42.0 5 3.1 – 4.3 
2.76b -26.8 -42.4 5 3.2 – 4.4 
2.77b -28.9 -44.4 n.r. 3.4 – 4.4 
 
a NMR spectra measured in CDCl3 (in ppm). Coupling constants (J) in Hz. 
b Product found to be only 50% pure by 31P{1H} NMR spectroscopy. n.r. = not resolved. 
 
2.2.3 Coordination Studies of the Nonsymmetric PCNCP Ligands and Their 
Respective Secondary Aminophosphines 
 
2.2.3.1 Coordination Chemistry of AdPCH2N(H)R Ligands 
 
Ligand displacement of COD from PtCl2(COD) with two equivalents of AdPCH2N(H)R 
2.67 and 2.68 in dichloromethane at room temperature gave cis-PtCl2{AdPCH2N(H)R}2 
2.78 and 2.79 in yields of approximately 60%. 
 
In the 31P{1H} NMR spectra of complexes 2.78 and 2.79 a 10 – 15 ppm downfield shift of 
the chemical shifts from δ(P) -33 to around -20 ppm with respect to the free ligands 2.67 
and 2.68 was observed. Both of the PtII complexes gave two phosphorus resonances, 
representing the two enantiomers of the phospha-adamantane cage, with appropriate 1J(PtP) 
couplings. The coupling constants for 2.78 and 2.79 were approximately 3400 Hz, which 
indicates that these complexes are in a cis conformation. Furthermore, in the infrared 
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spectra of 2.78 and 2.79, there were two stretches in the 290 – 320 cm-1 range, indicative of 
νPtCl (Table 2.18) along with a weakly absorbing νNH stretch at ca. 3400 cm-1. 
 
Pt
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Cl
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O P
O O
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R
R
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R
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Table 2.18 Selected 31P{1H}, 1H NMR and IR dataa for 2.78 and 2.79. 
 
 
 δ(P) 1J(PtP) δ(CH2) δ(NH) νPtCl νNH 
2.78 -19.4, -22.8 3397, 3363 3.3 – 3.8 3.4 316, 290 3422 
2.79 -18.7, -22.4 3368, 3347 3.5 – 4.1 3.9 318, 291 3376 
 
a NMR spectra measured in CDCl3 (in ppm). Coupling constants (J) in Hz. IR spectra recorded as KBr discs 
(in cm-1). 
 
Given the small number of Pd complexes with phospha-adamantane based ligands 
documented in the literature119-121 the PdII complex 2.80 was prepared by bridge cleavage of 
the known124 dimeric compound {Pd(κ2-C,N-C16H16N)Br}2 with 2.68 in refluxing acetone 
(Eqn. 2.15). Compounds previously synthesised by Albert et al.125 indicate that the P atom 
sits trans to the imine N atom and hence the same is expected for 2.80. 
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Compound 2.80 displayed a singlet resonance at δ(P) 18.7 ppm in the 31P{1H} NMR 
spectrum, which is a very large downfield shift of around 60 ppm with respect to the free 
ligand 2.68. Similar to the PtII complex 2.79 of ligand 2.68, there was a characteristic νNH 
stretch in the infrared spectrum at 3297 cm-1. 
 
2.2.3.2 X-ray Crystal Structure of PdBr(κ2-C,N-C16H16N){AdPCH2N(H)Ph} 
 
Crystals of 2.80 suitable for X-ray crystallography were grown by slow diffusion of diethyl 
ether into an acetone solution over several days. 
 
 
 
Figure 2.12 Molecular structure of PdBr(C,N-C16H16N){AdPCH2N(H)Ph} 2.80. 
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The X-ray structure (Figure 2.12 and Table 2.19) confirmed a near square planar 
arrangement about the Pd centre with angles in the range 82.47(8)−95.42(7) Å. As 
previously observed for other cyclometallated complexes of Pd the phosphine 2.68 is trans 
to the imine nitrogen N(2).125 The six-membered PdC4N metallacycle adopts a non-planar 
conformation hinged about C(24)/C(33). The Pd deviates from the P(1)/Br(1)/N(2)/C(33) 
mean plane by 0.02 Å. Within the bonded P-ligand the intra-cage C−P−C angle is 
94.05(10)˚ which is slightly enlarged with respect to 2.68 [92.90(8)˚] but similar in 
magnitude to other coordinated phospha-adamantane ligands.48,120 The amine group forms 
an intramolecular hydrogen bond to the coordinated bromide ligand [N(1)···Br(1) 3.265(2) 
Å, H(1)···Br(1) 2.61(3) Å; N(1)−H(1)···Br(1) 137(2)˚]. 
 
Table 2.19 Selected bond lengths (Å) and angles (º) for compound 2.80. 
 
 
Pd(1)–Br(1) 2.5676(3)  Br(1)–Pd(1)–P(1) 94.067(16) 
Pd(1)–P(1) 2.2522(6)  Br(1)–Pd(1)–C(33) 167.48(7) 
Pd(1)–N(2) 2.1291(18)  Br(1)–Pd(1)–N(2) 89.01(5) 
Pd(1)–C(33) 2.050(2)  P(1)–Pd(1)–C(33) 95.42(7) 
N(2)–C(24) 1.282(3)  P(1)–Pd(1)–N(2) 173.14(5) 
P(1)–C(11) 1.872(2)  C(33)–Pd(1)–N(2) 82.47(8) 
C(11)–N(1) 1.444(3)  Pd(1)–P(1)–C(11) 111.02(2) 
   P(1)–C(11)–N(1) 117.08(16) 
 
 
2.2.3.3 Chelating Behaviour of Nonsymmetric AdPCH2N(R)CH2PPh2 Ligands 
 
The previously synthesised AdP(CH2)3PAd is known to chelate to Pd47 1.14 and therefore it 
was thought that ligands 2.73 – 2.75 would behave in the same way. 
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Reaction of 2.73 – 2.75 with MCl2(COD) (M = Pt, Pd) in dichloromethane gave the 
dichloro PP'-chelate compounds 2.81 − 2.86 in high yields. 
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By virtue of the different substituents on each P atom the 31P{1H} NMR spectra of the 
chelate complexes 2.81 − 2.86 are particularly diagnostic showing a classic AX pattern 
(Table 2.20 and Figure 2.13). The 31P chemical shifts between the two phosphorus nuclei 
differ by ca. 10 ppm whilst the 1J(PtP) couplings differ by approximately 250 Hz with the 
1J(PtP) coupling to PB being the larger of the two. These variations can presumably be 
ascribed to the difference in stereoelectronic properties between the two phosphorus 
centres, with the P-atom enclosed in the adamantane cage being the more basic of the two. 
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Table 2.20 Selected 31P{1H} NMR and IR dataa for 2.81 – 2.86. 
 
 
 δ(PA) δ(PB) 2J(PAPB) 1J(PtPA) 1J(PtPB) νMCl 
2.81 -8.4 -19.3 18 3238 3521 316, 291 
2.82 -8.0 -19.0 19 3233 3489 315, 293 
2.83 -8.0 -18.9 19 3230 3489 315, 292 
2.84 9.4 -4.1 6 – – 307, 290 
2.85 9.6 -3.9 8 – – 304, 291 
2.86 9.6 -3.8 10 – – 306, 292 
 
a NMR spectra measured in CDCl3 (in ppm). Coupling constants (J) in Hz. IR spectra recorded as KBr discs 
(in cm-1). 
 
 
 
Figure 2.13 31P{1H} NMR spectrum of PtCl2{AdPCH2N(Ph)CH2PPh2} 2.82 
(# = impurity). 
 
 
 
PA
PB
#
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2.2.3.4 X-ray Crystal Structures of PtCl2{AdPCH2N(Ph)CH2PPh2} and 
PtCl2{AdPCH2N(p-MeC6H4)CH2PPh2} 
 
The X-ray structures of the nonsymmetric diphosphine PtII complexes 2.82 and 2.83 have 
been determined (Figure 2.14, Table 2.21). Suitable crystals of 2.82 and 2.83 were obtained 
by slow diffusion of diethyl ether into a CDCl3 solution. 
 
 
 
Figure 2.14 Molecular structures of  PtCl2{AdPCH2N(Ph)CH2PPh2} 2.82 and 
PtCl2{AdPCH2N(p-MeC6H4)CH2PPh2} 2.83. 
 
The X-ray structures show that both 2.82 and 2.83 adopt a chelating coordination mode and 
furthermore, the coordination environment around PtII is approximately square planar. In 
2.82 the P(2)−Pt(1)−Cl(2) [83.07(5)˚] bond angle is contracted by some 10˚ with respect to 
P(1)−Pt(1)−Cl(1) [93.87(6)˚] clearly reflecting the different steric effects of phenyl vs. 
adamantane groups. The P(1)−Pt(1)−P(2) hinge angle is 96.33(5)˚ which compares 
favourably with the previously reported angle for the symmetric, bulky diphosphine 
palladium(II) complex PdCl2(bpap) 1.14.47 The Pt−P [2.2362(16), 2.2373(14) Å] and Pt−Cl 
[2.3545(14), 2.3499(14) Å] bond lengths are similar and illustrate the negligible effect the 
different substituents on P have on these distances. The Pt is out of the mean plane [defined 
by the donor atoms P(1), P(2), Cl(1) and Cl(2)] by 0.0139 Å (for 2.82) and 0.0451 Å (for 
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2.83). The six-membered Pt-P-C-N-C-P' rings in 2.82 and 2.83 adopt a conformation in 
which the Pt(1), P(1), P(2), C(11) and C(18) atoms are essentially flat (to within ±0.07 Å 
for 2.82; ±0.19 Å for 2.83) and N(1) is out of this plane by 0.74 Å (for 2.82) and 0.66 Å 
(for 2.83). 
 
Table 2.21 Selected bond lengths (Å) and angles (º) for compounds 2.82 and 2.83. 
 
 
 2.82 2.83 
Pt(1)–Cl(1) 2.3545(14) 2.3544(15) 
Pt(1)–Cl(2) 2.3499(14) 2.3553(14) 
Pt(1)–P(1) 2.2362(16) 2.2436(14) 
Pt(1)–P(2) 2.2373(14) 2.3330(14) 
P(1)–C(11) 1.852(6) 1.833(5) 
C(11)–N(1) 1.456(8) 1.468(7) 
N(1)–C(18) 1.462(17) 1.469(7) 
C(18)–P(2) 1.834(6) 1.830(5) 
   
Cl(1)–Pt(1)–P(1) 93.87(6) 94.67(5) 
Cl(1)–Pt(1)–P(2) 169.29(5) 171.83(5) 
Cl(1)–Pt(1)–Cl(2) 87.05(5) 85.97(5) 
Cl(2)–Pt(1)–P(2) 83.07(5) 85.91(5) 
Cl(2)–Pt(1)–P(1) 174.86(5) 176.54(5) 
P(1)–Pt(1)–P(2) 96.33(5) 93.38(5) 
Pt(1)–P(1)–C(11) 116.9(2) 118.12(18) 
P(1)–C(11)–N(1) 110.7(4) 113.4(3) 
C(11)–N(1)–C(18) 112.4(5) 112.0(4) 
N(1)–C(18)–P(2) 111.6(4) 110.3(3) 
C(18)–P(2)–Pt(1) 117.53(19) 117.22(19) 
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2.2.3.5 The Bridging Nature of Nonsymmetric AdPCH2N(R)CH2PPh2 Ligands 
 
Having confirmed that these nonsymmetric ligands successfully P,P'-chelate to PtII and PdII 
metal centres in the same manner to their symmetric analogues it was of interest to 
establish whether the sterically demanding adamantane group could impose a P-
monodentate mode of binding through the sterically less encumbered –PPh2 group. This 
sort of P-monodentate behaviour, whilst known for flexible small bite angle diphosphines 
such as dppm,126 dppa127 and others,116 is less common with dppp bearing an extended C3-
spacer. 
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Scheme 2.1 Synthetic routes to 2.87 − 2.90. 
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Reaction of 2.74 with {RuCl2(p-cymene)}2 or {IrCl2(Cp*)}2 (Scheme 2.1) in 
dichloromethane gave the P-monodentate complexes 2.87 and 2.88 in high yields. 
Presumably under these experimental conditions the –PAd group is too bulky to coordinate 
to the bulky RuCl2(p-cymene) or IrCl2(Cp*) fragments. 
 
The 31P{1H} NMR spectra (Table 2.22) are particularly informative showing new 
downfield δ(P) resonances for the coordinated PA atom at δ(P) 23.6 ppm (for 2.87) and -5.1 
ppm (for 2.88) whilst the pendant PB atom is observed at ca. δ(P) -39 ppm, which is similar 
in value to the –PAd resonance in the free ligand 2.74 [δ(P) -41.5 ppm]. Furthermore, 
4J(PP) couplings are observed and were approximately 5 Hz. 
 
Table 2.22 Selected 31P{1H} NMR and IR dataa for 2.87 – 2.91. 
 
 
 δ(PA) δ(PB) 4J(PAPB) νAuCl 
2.87 23.6 -39.0 5 – 
2.88 -5.1 -38.7 5 – 
2.89 28.4 24.1 11 331 
2.90 17.5 -3.2 9 336 
2.91 14 10 n.r. 329 
 
a NMR spectra measured in CDCl3 (in ppm). Coupling constants (J) in Hz. n.r. = not resolved. IR spectra 
recorded as KBr discs (in cm-1). 
 
In order to pursue the possibility of introducing a second metal centre, reaction of 2.87 and 
2.88 with one equivalent of AuCl(tht) in dichloromethane (Scheme 2.1) was studied. After 
work up the red/orange solids P,P'-μ-RuCl2(p-cymene){Ph2PCH2N(Ph)CH2PAd(AuCl)} 
2.89 and P,P'-μ-IrCl2(Cp*){Ph2PCH2N(Ph)CH2PAd(AuCl)} 2.90 were isolated in 93% and 
77% yields respectively. The 31P{1H} NMR spectra were again very enlightening showing 
a downfield shift for PB to δ(P) 24.1 ppm (for 2.89) and δ(P) -3.2 ppm (for 2.90) with 
respect to the noncomplexed PB atom in 2.87 and 2.88. Further indication for the 
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coordination to AuI was evident from the IR spectra which clearly showed νAuCl vibrations 
at 331 cm−1and 336 cm−1 for 2.89 and 2.90 respectively. 
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To demonstrate whether 2.74 could bridge two identical metal centres the digold compound 
2.91 was accordingly prepared from two equivalents of AuCl(tht) and one equivalent of 
2.74 in dichloromethane (Equation 2.17). 
 
 
 
Figure 2.15 Variable temperature 31P{1H} NMR spectra for 2.91 
recorded in the range 20 to −50 ºC. 
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The ambient temperature 31P{1H} NMR spectrum of 2.91 in CDCl3 revealed two broad 
resonances at around δ(P) 15 ppm (Table 2.22) which sharpened upon cooling to −50 ºC 
(Figure 2.15). At room temperature the two P atoms give two broad resonances in the 
31P{1H} NMR spectrum suggesting slow exchange. The similar chemical shifts of both P 
signals makes assignment of these difficult but the downfield resonance at δ(P) 14 ppm was 
assigned to the PA bonded metal centre by analogy with PhN(CH2PPh2AuCl)2 which has 
recently been reported27 [δ(P) 17.3 ppm], whereas the analogous symmetric phosphine 
PhN(CH2PAdAuCl)2 2.62 can be found further upfield at δ(P) 12.0 ppm. The expected 
νAuCl vibration could also be observed in the infrared spectrum of this AuI compound 2.91 
at 329 cm-1, as was the case for the complexes bearing two different metal centres 2.89 and 
2.90 previously described. 
 
2.2.3.6 X-ray Structures of Bridged Nonsymmetric PCNCP Species 
 
Crystals of 2.87 – 2.90 suitable for X-ray crystallography were grown by slow diffusion of 
hexane into a dichloromethane solution (for 2.87), slow evaporation to dryness of 
dichloromethane/petroleum ether (b.p 60−80 ˚C) (for 2.88), slow evaporation to dryness of 
dichloromethane/hexane (for 2.89) and slow diffusion of petroleum ether (b.p 60−80 ˚C) 
into a CDCl3 solution (for 2.90). Crystallographic data was collected for all of the above 
compounds (Figures 2.16 and 2.17 and Table 2.23). 
 
Figure 2.16 Molecular structures of P,P'-μ-RuCl2(p-cymene){Ph2PCH2N(Ph)CH2PAd} 
2.87 and P,P'-μ-IrCl2(Cp*){Ph2PCH2N(Ph)CH2PAd} 2.88. 
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Within the coordination sphere of 2.87 the Ru−P, Ru−Cl or Ru−Ccentroid bond lengths are 
comparable to other half-sandwich compounds e.g. RuCl2(p-cym)PTA (PTA = 1,3,5-triaza-
7-phosphatricyclo[3.3.1.1]decane), RuCl2(p-cymene)Ph2P(2-C5H4N) and RuCl2(p-
cymene)Ph2PCH2Y [Y = −NHC6H4(2-CO2H), −NHC6H4(2-OH), −NHC6H4(2-
CH2OH)].43,123 As a consequence of P-monodentate coordination (Figure 2.15) the 
C(11)−N(1)−C(18) bond angle has marginally increased by ca. 3 – 4˚ for 2.87 and 2.88 
with respect to that observed in the P,P'-chelate complex 2.82. The P···P separations within 
2.87 and 2.88 are 4.868 Å and 5.319 Å respectively. 
 
 
 
Figure 2.17 Molecular structures of 
P,P'-μ-RuCl2(p-cymene){Ph2PCH2N(Ph)CH2PAd(AuCl)} 2.89 and 
P,P'-μ-IrCl2(Cp*){Ph2PCH2N(Ph)CH2PAd(AuCl)} 2.90. 
 
Upon complexation the AuI chloride fragment is approximately linear with respect to the 
coordinated –PAd moiety (Figure 2.17 and Table 2.23). The Au−Cl and Au−P bond lengths 
are normal and in the region previously observed for AuI phosphine complexes.27 No 
significant changes are observed for the M−Cl and M−P (M = Ru or Ir) distances/bond 
angles upon Au complexation. In addition the Cl(1)−Au(1)−P(1) angles [177.18(4)˚ for 
2.89; 174.42(8)˚ for 2.90] suggests very minimal steric congestion between the adamantane 
cage or neighbouring N−Ph group. The P···P separations in both heterobimetallic 
complexes are 5.238 Å and 5.283 Å for 2.89 and 2.90 which also dictate large Ru···Au 
[8.304 Å] and Ir···Au [8.401 Å] distances indicative of no metal-metal interactions. 
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Table 2.23 Selected bond lengths (Ǻ) and angles (º) for 2.87 – 2.90. 
 
 
 2.87 
M = Ru 
2.88 
M = Ir 
2.89 
M = Ru 
2.90 
M = Ir 
M(1)–Cl(2) 2.405(2) 2.408(2) 2.4160(8) 2.4010(19) 
M(1)–Cl(3) 2.407(2) 2.398(2) 2.4090(3) 2.424(2) 
M(1)–P(2) 2.340(2) 2.3091(19) 2.3420(8) 2.3047(19) 
M(1)–Ccentroid 1.699 1.814 1.709 1.805
P(2)–C(18) 1.902(9) 1.900(7) 1.888(3) 1.881(8) 
C(18)–N(1) 1.437(10) 1.451(9) 1.454(4) 1.452(9) 
N(1)–C(11) 1.464(10) 1.474(10) 1.449(4) 1.444(9) 
C(11)–P(1) 1.887(9) 1.869(8) 1.851(3) 1.869(8)
P(1)–Au(1) – – 2.2227(8) 2.223(2) 
Au(1)–Cl(1) – – 2.2804(9) 2.280(2) 
     
Cl(2)−M(1)−Cl(3) 88.66(8) 89.24(8) 87.45(3) 89.02(7)
Cl(2)−M(1)−P(2) 83.66(8) 88.64(7) 85.55(3) 85.05(7) 
Cl(3)−M(1)−P(2) 84.34(8) 85.18(7) 84.49(3) 88.29(7) 
M(1)–P(2)–C(18) 113.3(2) 112.4(2) 113.49(10) 112.0(2) 
P(2)–C(18)–N(1) 118.4(4) 114.4(5) 116.9(2) 116.4(5)
C(18)−N(1)−C(11) 114.9(7) 115.9(6) 115.9(2) 115.5(6) 
N(1)−C(11)−P(1) 111.9(6) 113.4(5) 113.2(2) 115.1(5) 
C(11)−P(1)−Au(1) – – 118.16(10) 115.6(3) 
P(1)−Au(1)−Cl(1) – – 177.18(4) 174.42(8)
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2.3 Conclusions 
 
The initial work presented in this chapter has shown that bis(phosphino)amines with a 
variety of substituents on both the N and P atoms can be prepared via uncomplicated 
routes. Furthermore these ligands have been coordinated to a range of transition metals and, 
in some cases, characterised by X-ray crystallography. Both the structural, steric and 
electronic properties of these diphosphines have been studied and will hopefully offer 
insight into their behaviour within catalytic olefin oligomerisation reactions (See Chapter 
5).  
 
A simplistic method for the synthesis of five nonsymmetric ditertiary phosphines bearing a 
bulky substituent on the P atom has also been developed. This procedure is potentially a 
valuable synthetic route to highly modular nonsymmetric diphosphines with tunable 
stereoelectronic properties. Whilst P,P'-chelation is observed upon complexation to square-
planar metal centres the ability of 2.74 to function as a P-monodentate tertiary phosphine 
has also been shown. Coordination to a second, different metal, affords new examples of 
late transition metal heterobimetallic compounds bridged by phosphine 2.74. This clearly 
illustrates the importance of steric effects on P atoms and how this can be implemented in 
directing variable ligating modes. 
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CHAPTER 3 
 
SYNTHESIS, CHARACTERISATION AND 
COORDINATION CHEMISTRY OF LIGANDS 
WITH A PCNP BACKBONE 
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3.1 Synthesis and Coordination Studies of PCNP Ligands 
 
The recent systems employed to catalyse the conversion of ethylene to 1-octene in a 
tetramerisation reaction have been based on Cr catalysts containing neutral phosphine 
ligands.60,86,107,108,115 These (phosphino)amines incorporate a simple PNP backbone with a 
variety of aliphatic and aromatic substituents attached to the N atom. The research into 
these catalysts suggests that the P-N moiety is very important and has been observed by the 
difference in catalytic ability of dppe and its PNNP analogue (Figure 3.1).86 Although the 
activity for each of these ligands is very similar they differ greatly with respect to C8 
selectivity and polyethylene production. The dppe system gave a large amount of 
polyethylene (35%) along with a C8 selectivity of just 38.2%. In contrast the PNNP 
compound gave a highly respectable 58.8% of C8 and a much smaller polyethylene value of 
just 8%.86 
 
Ph2P
N N
PPh2
MeMe
Ph2P PPh2  
 
Figure 3.1 Dppe and PNNP ligands tested in ethylene tetramerisation reactions. 
 
Although neither of these two compounds are currently able to compete with the current 
Ph2PN(iPr)PPh2 system on an activity level the results obtained are still pleasing. This 
suggests that a ligand containing a PCNP backbone could utilise the advantages of both 
analogues and potentially offer a catalyst with both good C8 selectivity and high activity. 
The substituents on both P and N atoms could be altered to affect the steric and electronic 
properties of an individual ligand and in turn the way in which this compound would 
behave within ethylene tetramerisation reactions. 
 
Following on from the two step synthesis of our nonsymmetric PCNCP ligands (Section 
2.2) there seemed to be two plausible routes to a nonsymmetric ligand with a PCNP 
backbone (Scheme 3.1). One route via addition of R2PCl to a R2PCH2N(H)R1 ligand (Route 
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A) and the second through a condensation reaction of R2PCH2OH with R2PN(H)R1 (Route 
B). 
 
R2P
NH
R1
R1
NH
PR2R2P
N
PR2
R1
+ R2PCl 
Base + R2PCH2OH
Route BRoute A
 
 
Scheme 3.1 Possible routes to PCNP ligands. 
 
Investigation of these two routes gave very different results with Route B providing no 
evidence of the reaction taking place whatsoever with the major reaction products being a 
PCNCP ligand and the R2PN(H)R starting material. Route A was much more successful 
and was therefore utilised to prepare a number of PCNP ligands with various substituents 
on the N and P atoms. 
 
3.1.1 Synthesis of the Secondary Aminophosphines Ph2PCH2N(H)R 
 
A similar Mannich-based condensation reaction to that used to prepare the symmetric 
PCNCP ligands 2.1 – 2.16 was employed to synthesise the required secondary 
aminophosphines 3.1 – 3.7 (Eqn. 3.1) by reacting Ph2PCH2OH with a number of aliphatic 
and aromatic primary amines. Although the synthesis of these Ph2PCH2N(H)R ligands was 
performed for them to subsequently undergo further reaction to the nonsymmetric 
Ph2PCH2N(R)PPh2 ligands there has been a lot of work performed to understand their 
ligating ability and any plausible applications in catalysis.128,129 The potential for further 
functionalisation of the secondary amine group also highlights the opportunity to synthesise 
ligands with tuneable properties for use in catalysis and coordination chemistry.130 
 
With the exception of 3.1, the particular amine and Ph2PCH2OH were reacted in equimolar 
amounts as a methanol solution. The synthesis required a 5:1 excess of amine, which was 
later removed upon evaporation to dryness of the solution under reduced pressure. The 
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solution was stirred at room temperature for 3.1, 3.3, 3.4, 3.6 and 3.7, whereas 3.2 and 3.7 
required the reaction to take place at an elevated temperature and hence were heated to 
reflux. Ligands 3.2 – 3.7 were isolated via concentration of the solution under reduced 
pressure and filtration of the resultant solid. The compounds prepared by way of this 
method were obtained in yields in the range of 59 – 93% and were found to be air stable 
both in solution and in the solid state. 
 
Ph2P
NH
R
Eqn. 3.1Ph2P OH + R NH2
CH3OH
 
 
=
R
N
3.1 3.3
3.6
3.2
N
3.4
Cl
3.5
Br
3.7  
 
As with their diphosphine counterparts, ligands 3.1 – 3.7 exhibited one resonance in the 
31P{1H} NMR spectra at approximately δ(P) -19 ppm (Table 3.1) which represents a 
distinct upfield shift with respect to Ph2PCH2OH [δ(P) -10.0 ppm] and downfield from the 
symmetric PCNCP ligands 2.1 – 2.16. Compound 3.1 was the only ligand of this type with 
an aliphatic substituent in the R position which seems to result in a 2 ppm upfield shift with 
respect to its aromatic analogues. The broad δ(NH) resonance in the region of 3.7 – 4.5 
 95
ppm in the 1H NMR spectra of 3.1 – 3.7 and the weakly absorbing νNH at approximately 
3300 cm-1 indicates that only one condensation reaction has taken place leaving an NH 
group available for further functionalisation. Coupling constants in the range of 2J(PH) 3.2 
– 4.4 Hz were observed for the CH2 linkers for each of these ligands 3.1 – 3.7 which are 
comparable in magnitude to their diphosphine equivalents 2.1 – 2.16. The 31P{1H} NMR of  
3.1 gave rise to two major products with the desired ligand at 65% purity with the 
remainder of the reaction product being the analogous Ph2PCH2N(iPr)CH2PPh2 2.3. 
 
Table 3.1 Selected 31P{1H} NMR, 1H NMR and IR dataa for 3.1 – 3.7. 
 
 
 δ(P) δ(CH2) 2J(PH) δ(NH) νNH 
3.1c -20.3 3.6 3.6 3.7 3419b
3.2 -18.1 4.0 n.r. 4.4 3219 
3.3 -18.4 4.0 4.0 4.5 3378 
3.4 -18.7 3.9 4.0 4.3 3442 
3.5 -18.8 4.0 4.0 4.5 3433 
3.6 -18.5 3.9 4.4 4.4 3255 
3.7 -18.8 3.8 3.2 3.8 3380 
 
a NMR spectra measured in CDCl3 (in ppm); Coupling constants (J) in Hz; n.r. = not resolved; IR spectra 
recorded as KBr discs (or nujol mullb) (in cm-1). c Product found to be only 65% pure by 31P{1H} NMR. 
 
3.1.1.1 X-ray Crystal Structure of Ph2PCH2N(H)Quin 
 
Crystals of Ph2PCH2N(H)Quin suitable for X-ray crystallography were grown by slow 
evaporation of a methanol solution of 3.6. 
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Figure 3.2 Molecular structure of Ph2PCH2N(H)Quin 3.6. 
 
The bond lengths and angles around N(1) and P(1) atoms are similar to those of compounds 
previously synthesised by Smith and co-workers where the substituents on the N atom are 
phenyl rings bearing carboxylic acid groups.122,123 The gross features of 3.6 are also very 
similar to the analogous phospha-adamantane containing ligands 2.67 and 2.68 once again 
confirming that altering the substituent on the P atom has little effect. The amine H atom 
forms a weak intermolecular hydrogen bond (Figure 3.3) with the N atom of an adjacent 
quinoline group [N(2)···N(3) 2.991(3) Å, H(3)···N(2) 2.27(3) Å; N(3)−H(3)···N(2) 164(3)˚]. 
 
Table 3.2 Selected bond lengths (Ǻ) and angles (º) for 3.6. 
 
 
C(11)–P(1) 1.834(2)  C(11)–P(1)–C(17) 101.52(11) 
C(17)–P(1) 1.843(2)  C(11)–P(1)–C(1) 101.24(11) 
P(1)–C(1) 1.867(2)  C(17)–P(1)–C(1) 98.30(10) 
C(1)–N(1) 1.441(3)  P(1)–C(1)–N(1) 112.03(16) 
N(1)–C(2) 1.374(3)  C(1)–N(1)–C(2) 123.41(19) 
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Figure 3.3 Intermolecular H-bonding in 3.6. 
 
3.1.2 Synthesis of Bidentate PCNP Ligands 
 
Having synthesised the appropriate precursors for the synthesis of PCNP ligands following 
Route A (Scheme 3.1) the next step was to deprotonate the secondary amine with a suitable 
base followed by the addition of a chlorophosphine. The compounds 3.3 – 3.6 were treated 
with a slight excess of LDA to remove the secondary amine H atom and then quenched 
with Ph2PCl (Eqn. 3.2). 
 
The addition of LDA to individual solutions of 3.3 – 3.6 in THF at -78 ºC deprotonated the 
secondary amine and a dark yellow solution was obtained. After stirring at -78 ºC for 1 h 
the solution was warmed to room temperature and stirred for a further 1 h. Upon cooling to 
-78 ºC neat Ph2PCl was added and the solution stirred at room temperature for an additional 
1.5 h. The solvent was evaporated to dryness under reduced pressure to give the crude 
diphosphine. Diethyl ether or hexane was added to separate the desired ligand from its 
respective secondary aminophosphine and lithium salts. In this manner purified batches of 
3.8 – 3.11 were obtained. The ligands 3.8 – 3.11 prepared by this method were found to be 
 98
air stable both in the solid state and in solution. The yields of the crude materials were in 
the region of 90 – 95%, although the purities by 31P{1H} NMR were approximated to be in 
the range of 75 – 95%. 
Ph2P
NH
R
Ph2P
A
N
PBPh2
R
+ Ph2PCl
1.1 eq LDA
THF
-78 ºC
Eqn. 3.2
 
=
R
N
3.8
3.11
3.9
Cl
3.10
Br
 
 
Table 3.3 Selected 31P{1H} and 1H NMR dataa for 3.8 – 3.11. 
 
 
 δ(PA) δ(PB) 3J(PAPB) δ(CH2) 
3.8 -21.7 67.0 8 3.7 – 3.9 
3.9 -21.4 68.1 9 3.9 
3.10 -21.4 68.2 9 3.9 
3.11 -21.5 69.3 8 3.9 
 
a NMR spectra measured in CDCl3 (in ppm). Coupling constants (J) in Hz. 
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Figure 3.4 31P{1H} NMR spectrum of Ph2PCH2N(4-BrC10H6)PPh2 3.10 
 
Ligands 3.8 – 3.11 exhibited two doublet resonances in their respective 31P{1H} NMR 
spectra (Figure 3.4), due to the inequivalent P nuclei in these compounds. The chemical 
shifts of these doublets were very similar for 3.8 – 3.11 with PA at approximately δ(P) -21.5 
ppm and PB observed in the region of δ(P) 67 – 69.5 ppm indicating that the small changes 
in the substituent at the R position has little effect on the electronic properties of the P 
nuclei. Due to the coupling of the two inequivalent P nuclei, small 3J(PP) constants were 
observed. Within the 1H NMR spectra of 3.8 – 3.11 there were multiplet δ(CH2) resonances 
at around 3.9 ppm with the R groups again having little effect on this value. The lack of a 
δ(NH) resonance in the 1H NMR spectra and of a νNH stretch in the IR spectra showed that 
the N H atom has been successfully replaced by a –PPh2 group. 
 
Following the preparation of 3.8 – 3.11 it was proposed that altering the substituents on one 
P atom could alter its coordination behaviour towards transition metals and hence could 
have an impact on its catalytic ability. The use of iPr2PCl as an alternative to Ph2PCl in a 
similar procedure as for the synthesis of 3.8 – 3.11 yielded the ligands Ph2PCH2N(R)PiPr2 
3.12 – 3.14 (Eqn. 3.3). 
PA
PB 
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Ph2P
NH
R
Ph2P
A
N
PBPri2
R
+ iPr2PCl
1.1 eq LDA
THF
-78 ºC
Eqn. 3.3
 
 
=
R
N
3.12 3.143.13
Cl
 
 
Upon characterisation of ligands 3.12 – 3.14 similar spectroscopic results were observed to 
those for the analogous PCNP ligands 3.8 – 3.11 with two doublet resonances in the 
31P{1H} NMR spectra. The replacement of the aromatic groups on PB with electron 
donating isopropyl groups alters the basicity of the P atom and hence there is a downfield 
shift for that P doublet resonance of ca. 20 ppm (Table 3.4). 
 
Further changes were made to the substituents on the P atoms with Cy2PCl being used 
alongside Ph2PCH2N(H)Naphth 3.3 to give 3.15. Ligand 3.16 was prepared so that the 
influence of steric bulk on coordination behaviour and catalytic ability could be observed. 
The secondary aminophosphine 2.67 was deprotonated with LDA and reacted with Cy2PCl 
as described previously for compounds 3.8 – 3.11. 
 
As with ligands 3.8 – 3.11 two doublet resonances were observed in the 31P{1H} NMR 
spectra of compounds 3.15 and 3.16 with appropriate 3J(PP) coupling constants of 
approximately 6 Hz. The PA doublets (for compounds 3.15 and 3.16) were found to be at a 
similar chemical shift to their parent secondary aminophosphines 3.3 and 2.68 with the PB 
resonance dependent on the substituents attached to the PB atom where there was a definite 
downfield shift from phenyl to cyclohexyl. There was very little difference between the 1H 
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NMR chemical shift of the δ(CH2) resonances for ligands 3.15 and 3.16 indicating the lack 
of influence of the PB substituents. 
 
Ph2P
A
N
PBCy2
3.15
N
PBPh2
3.16
O P
A
O O
 
Figure 3.5 Structures of Ph2PCH2N(Naphth)PCy2 3.15 and AdPCH2N(Ph)PPh2 3.16. 
 
 
Table 3.4 Selected 31P{1H} and 1H NMR dataa for 3.12 – 3.16. 
 
 
 δ(PA) δ(PB) 3J(PAPB) δ(CH2) 
3.12 -18.1 88.7 5 4.4 
3.13 -19.1 90.1 4 3.9 
3.14 -19.5 90.6 n.r. 3.9 
3.15 -19.1 83.2 n.r. 4.4 
3.16 -33.7 68.5 6 3.4, 4.0 
 
a NMR spectra measured in CDCl3 (in ppm). Coupling constants (J) in Hz. n.r. = not resolved. 
 
3.1.2.1 Problems Encountered During the Synthesis of PCNP Ligands 
 
The particular procedure utilised provided a large number of variables that could be altered 
independently to give optimum conditions for the synthesis of these ligands. These various 
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factors included solvent, temperature, time and the base used to deprotonate the 
Ph2PCH2N(H)R ligands. Early experiments utilised NEt3 as a base, which has been used in 
the synthesis of known PNP ligands,131 but no reaction was observed between the two 
phosphorus(III) starting materials. The conclusion made was that a stronger base could 
promote the reaction and consequently nBuLi was used. Upon addition of this base at -78 
ºC, followed by addition of Ph2PCl in THF, two doublet resonances were observed in the 
31P{1H} NMR spectrum of an in situ sample of the reaction solution providing primary 
evidence that the desired (phosphino)amine had been synthesised. Although the PCNP 
ligand was present the product was impure by 31P{1H} NMR and hence an attempt was 
made to optimise the reaction conditions. The amount of base with respect to the 
phosphorus(III) starting materials was increased from 1.1 – 1.3 equivalents and this seemed 
to inhibit the progress of the reaction. The temperature and the length of time for the 
stirring of the solution in both the deprotonation and quenching steps were altered and it 
was concluded that warming the solutions from -78 ºC to room temperature ensured further 
reaction whereas the length of time had very little influence. As the procedure for the 
synthesis of PNP ligands was performed in Et2O131 an attempt of this reaction was made in 
the same solvent but the solubility of Ph2PCH2N(H)Naphth was problematic and so THF 
was used for subsequent reactions. When studying the 31P{1H} NMR data for all of these 
experiments, the major impurity was unreacted Ph2PCH2N(H)Naphth starting material. For 
this reason, the addition of a small excess of Ph2PCl (1.05 eq) was administered but this 
just raised the level of Ph2PCl related impurities. From these studies, it was observed that 
one of two factors was possibly preventing complete reaction; the first being incomplete 
deprotonation of Ph2PCH2N(H)Naphth and the second was the oxidation/hydrolysis of 
Ph2PCl. To combat the first of these problems, an even stronger base such as LDA was 
utilised which gave a small increase in purity by 31P{1H} NMR but the same impurities 
were still present. From this result, it became clear that it was a problem with the Ph2PCl 
and therefore, instead of administering this as a solution, it was added neat. 
 
Having optimised the reaction conditions as much as possible, the purity of product being 
obtained was still poor and clearly not at a suitable level for catalytic testing so therefore a 
technique in which to purify these diphosphines was required. A number of 
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recrystallisations were attempted with little change in product purity so another method was 
utilised. The addition of diethyl ether or hexane, dependent on the ligand in question, was 
added and this solvent separated the PCNP ligand from its parent secondary 
aminophosphine. 
 
3.1.3 Coordination Studies of PCNP Ligands and Their Respective Secondary 
Aminophosphines 
 
3.1.3.1 Coordination Chemistry of the Secondary Aminophosphine 
Ph2PCH2N(H)Naphth 
 
Further to the coordination chemistry of the secondary aminophosphines containing a 
phospha-adamantane cage 2.78 and 2.79, Ph2PCH2N(H)Naphth was reacted individually 
with PtCl2(COD) and [RuCl2(p-cymene)]2 to give compounds 3.17 and 3.18 respectively. 
 
Pt
Cl
Cl
Ph2
P
P
Ph2
H
N
HN
Ru
Cl
Cl PPh2
NH
3.17 3.18  
 
Figure 3.6 Structures of cis-[PtCl2{Ph2PCH2N(H)Naphth}2] 3.17 and RuCl2(p-
cymene){Ph2PCH2N(H)Naphth} 3.18. 
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Ligand 3.3 was reacted with each individual transition metal precursor in a 2:1 ratio in 
dichloromethane and afforded compounds 3.17 and 3.18 in yields of 94% and 73% 
respectively. Within the 31P{1H} NMR spectra of these compounds a singlet resonance was 
observed at δ(P) 6.7 ppm for 3.17 and δ(P) 20.3 ppm for 3.18. Due to the NMR active Pt 
centre in 3.17 there was a 1J(PtP) coupling constant of 3711 Hz indicating that the ligand 
adopts a cis configuration as is the case with the phospha-adamantane analogues 2.78 and 
2.79 and similar compounds reported in the literature.128,129 Further to the 31P{1H} NMR 
data there were two νPtCl stretches in the IR spectrum at 287 and 312 cm-1 adding 
supporting evidence for a cis geometry in compound 3.17. 
 
3.1.3.2 X-ray Structure of RuCl2(p-cymene){Ph2PCH2N(H)Naphth} 
 
Single crystals of 3.18 suitable for X-ray crystallography were grown by slow evaporation 
of a CDCl3 and petroleum ether (b.p. 60 – 80ºC) solution (Figure 3.7 and Table 3.5). 
 
 
Figure 3.7 Molecular structure of RuCl2(p-cymene){Ph2PCH2N(H)Naphth} 3.18. 
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The X-ray structure of 3.18 has been determined and displays a piano-stool geometry with 
Ru(1)−P(1) and Ru−Cl bond lengths comparable to the nonsymmetric diphosphine 
complexes 2.87 – 2.90 and with several previously reported half-sandwich 
compounds.43,123,128 The amine H atom forms an intramolecular hydrogen bond (Figure 3.7) 
with Cl(2) [Cl(2)···N(1) 3.213(3) Å, H(1)···Cl(2) 2.36(3) Å; N(1)−H(1)···Cl(2) 158(2)˚]. 
 
Table 3.5 Selected bond lengths (Å) and angles (º) for compound 3.18. 
 
 
Ru(1)–Cl(1) 2.4057(6)  Cl(1)–Ru(1)–Cl(2) 87.75(2) 
Ru(1)–Cl(2) 2.3438(6)  Cl(1)–Ru(1)–P(1) 84.94(2) 
Ru(1)–P(1) 2.4219(5)  Cl(2)–Ru(1)–P(1) 87.782(18) 
Ru(1)–Ccentroid 1.710  Ru(1)–P(1)–C(1) 120.20(8) 
P(1)–C(1) 1.846(2)  Ru(1)–P(1)–C(12) 111.70(7) 
P(1)–C(12) 1.820(2)  Ru(1)–P(1)–C(18) 116.66(7) 
P(1)–C(18) 1.821(2)  P(1)–C(1)–N(1) 111.64(15) 
C(1)–N(1) 1.436(3)    
 
 
3.1.3.3 Coordination Chemistry of PCNP Ligands 
 
Very little work has been performed in the past on these PCNP ligands possibly due to the 
difficulty in synthesising them. The only previously reported synthesis of a ligand of this 
type, by Schmutzler and co-workers,132 involved the oxidised compound 
Me2P(O)CH2N(Me)P(O)Ph2. For this reason, the manner in which these ligands would 
coordinate to different transition metals could only be predicted by observing the behaviour 
of the C2 backboned dppe. As with its C3 analogue dppp, dppe has found a variety of 
applications due to its versatility when bound to a metal centre. There are many examples 
of dppe forming a five-membered chelate ring with Pd,4,133-140 Pt112,137,141-143 and a variety 
of other metals including Fe,144-146 Os,6  Co,147 Rh5 and Cu.148 The coordinative ability of 
dppe also extends to bridging metals149-152 and the formation of piano-stool complexes is 
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common for Fe146 and Ru153 containing compounds. From the research performed by others 
on dppe and its analogues it would suggest that when coordinating a PCNP ligand to PtII or 
PdII a five-membered chelate ring would be formed. To evaluate this compounds 3.8 – 3.11 
were reacted individually with PtCl2(COD) in a similar manner to their PCNCP equivalents 
2.32 – 2.47 with ligand displacement of the labile COD ligand (Eqn. 3.4) to give 3.19 – 
3.22. 
 
Pt
Cl
Cl
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PB
Ph2
N
R
Ph2
Ph2P
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N
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R
Cl
Pt
Cl
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CH2Cl2
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R
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As with previously synthesised nonsymmetric diphosphine complexes with two different P 
environments compounds 3.19 – 3.22 exhibited two doublet resonances in their respective 
31P{1H} NMR spectra (Figure 3.8) with suitably small 2J(PP) coupling constants of ca. 10 
Hz. Due to the PtII centre there were also 1J(PtP) couplings of approximately 3650 Hz for 
PA and 3850 Hz for PB. This difference coincides with the change in electronic properties of 
each individual P atom due to PA being bound to a C atom and PB to a N atom. As with 
other PtCl2 compounds prepared thus far, there were two νPtCl vibrations in the IR spectra of 
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3.19 – 3.22 in the region of 290 – 320 cm-1. The PdII derivative 3.23 of 3.19 was 
synthesised in an analogous fashion with the appropriate PdCl2(COD) precursor and gave 
similar results upon characterisation (Table 3.6). 
 
Figure 3.8 31P{1H} NMR spectrum of PtCl2{Ph2PCH2N(4-ClC10H6)PPh2} 3.20 
 
Table 3.6 Selected 31P{1H} NMR and IR dataa for 3.19 – 3.23. 
 
 
 δ(PA) δ(PB) 2J(PAPB) 1J(PtPA) 1J(PtPB) νMCl 
3.19 37.1 89.5 10 3643 3860 292, 313 
3.20 31.8 86.3 11 3635 3858 291, 313 
3.21 31.6 86.0 11 3635 3871 292, 305 
3.22 32.1 86.2 10 3638 3862 290, 315 
3.23 55.6 113.1 18 – – 291, 308 
 
a NMR spectra measured in CDCl3 (in ppm). Coupling constants (J) in Hz. IR spectra recorded as KBr discs 
(in cm-1). 
 
Following on from the PtII and PdII chemistry performed on compounds 3.8 – 3.11 the 
coordination behaviour of PCNP ligands with different substituents on each P atom was 
PA 
PB 
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investigated (Eqn. 3.5) to observe whether or not 3.12 – 3.14 would chelate in the same 
way as dppe. 
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Table 3.7 Selected 31P{1H} NMR and IR dataa for 3.24 – 3.28. 
 
 
 δ(PA) δ(PB) 2J(PAPB) 1J(PtPA) 1J(PtPB) νMCl 
3.24 28.1 116.5 11 3709 3787 286, 310 
3.25 28.1 117.3 11 3628 3805 287, 312 
3.26 28.2 117.0 11 3635 3795 287, 308 
3.27 51.7 150.6 15 – – 286, 304 
3.28 51.8 151.3 16 – – 286, 307 
 
a NMR spectra measured in CDCl3 (in ppm). Coupling constants (J) in Hz. IR spectra recorded as KBr discs 
(in cm-1). 
 
As expected the PtII and PdII complexes 3.24 – 3.28 incorporated five-membered chelate 
rings and gave similar results upon characterisation by NMR and IR spectroscopy (Table 
3.7). There was a large downfield shift for the δ(P) value of approximately 30 ppm in the 
 109
31P{1H} NMR spectra for PB from the analogous 3.19 – 3.23 due to the switching of phenyl 
substituents for the more electron donating isopropyl groups. In continuation of the study 
into the chelating behaviour of this group of PCNP ligands, 3.15 and 3.16 were also reacted 
with MCl2(COD) (M = Pt/Pd) to give 3.29 – 3.32 and hence assess the effects of both 
cyclohexyl groups and a sterically encumbered phospha-adamantane cage. It would be 
expected that ligand 3.6 will P,P'-chelate as shown in the previous examples 3.19 – 3.28 
and as its symmetric C2 backboned equivalent dcype,143,154-156 whereas the steric bulk of the 
caged phosphine could potentially exert too much strain on the five-membered chelate ring 
and therefore act as a P-monodentate ligand. 
M
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Cl PB
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Figure 3.9 Structures of MCl2{Ph2PCH2N(Naphth)PCy2} 3.29 and 3.31 and 
MCl2{AdPCH2N(Ph)PPh2} 3.30 and 3.32. 
 
The compounds containing the single phospha-adamantane cage 3.30 and 3.32 were found 
to chelate to transition metal centres as opposed to acting as a monodentate ligand. The 
presence of two P environments and consequently two doublet resonances in the 31P{1H} 
NMR spectra and the pair of νMCl vibrations in the IR spectra indicated a cis configuration 
for the complexes. Upon coordination the chemical shifts for both PA and PB in the 31P{1H} 
NMR spectra had moved downfield with respect to the equivalent values for the free ligand 
3.16. Compounds 3.29 and 3.31 gave similar results to the phospha-adamantane analogues 
3.30 and 3.32 and thus also formed the five-membered chelate ring with both PtII and PdII. 
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Table 3.8 Selected 31P{1H} NMR and IR dataa for 3.29 – 3.32. 
 
 
 δ(PA) δ(PB) 2J(PAPB) 1J(PtPA) 1J(PtPB) νMCl 
3.29 27.9 110.4 11 3654 3766 290, 313 
3.30 22.1 83.9 11 3614 3643 286, 309 
3.31 51.4 144.3 15 – – 290, 314 
3.32 42.9 109.2 10 – – 286, 302 
 
a NMR spectra measured in CDCl3 (in ppm). Coupling constants (J) in Hz. IR spectra recorded as KBr discs 
(in cm-1). 
 
Having behaved in a similar manner to dppe when coordinated to PtII and PdII, ligands 3.8 
and 3.15 were complexed to AuI to investigate their ability to bridge two metal centres. The 
ligands were reacted individually with two equivalents of AuCl(tht) (Eqn. 3.6) in the same 
method as for the PCNCP compounds 2.62 and 2.91. 
 
AuCl(tht)2 +
Ph2P
A
N
PBR2
Ph2P
A
N
PBR2
Au
Au
Cl
Cl
CH2Cl2
Eqn. 3.6
R = Ph Cy
3.33 3.34
 
Analysis of the 31P{1H} NMR data (Table 3.9) for compounds 3.33 and 3.34 substantiates 
the hypothesis that ligands of this type are capable of bridging two metal centres. There 
were downfield shifts in the P resonances of ca. 50 and 20 ppm for PA and PB respectively 
when compared to the values obtained for their free ligands 3.8 and 3.15. 
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Table 3.9 Selected 31P{1H} NMR and IR dataa for 3.33 – 3.36. 
 
 
 δ(PA) δ(PB) 3J(PAPB) νAuCl 
3.33 26.6 87.1 16 327 
3.34 28.2 107.6 n.r. 329 
3.35 20.2 77.8 n.r. – 
3.36 20.2 98.3 4 – 
 
a NMR spectra measured in CDCl3 (in ppm). Coupling constants (J) in Hz. IR spectra recorded as KBr discs 
(in cm-1). n.r. = not resolved. 
 
Following on from the RuII chemistry performed with the nonsymmetric PCNCP ligand 
2.74 it was thought that the difference in stereoelectronic properties between PA and PB in 
the ligands 3.8 and 3.15 could offer a preferred P-monodentate binding site for the Ru 
centre. Unfortunately, upon reacting each ligand individually with [RuCl2(p-cymene)]2 
(Figure 3.10) binuclear, as opposed to the desired mononuclear, complexes were obtained 
(Table 3.9) and hence no further coordination chemistry could be performed with a 
remaining P donor. 
Ph2P
A
N
PBR2
R = Ph Cy
3.35 3.36Ru
Cl
Cl
Ru
Cl
Cl
 
Figure 3.10 Structures of [RuCl2(p-cymene)]2{Ph2PCH2N(Naphth)PR2} 3.35 and 3.36. 
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3.1.3.4 X-ray Crystallography of Platinum(II), Palladium(II) and Gold(I) PCNP 
Compounds 
 
Crystals suitable for X-ray crystallography of 3.19, 3.23, 3.25 and 3.29 were grown by slow 
diffusion of methanol into individual dichloromethane solutions of 3.19, 3.23 and 3.29 and 
by slow diffusion of Et2O into a chloroform solution for 3.25 (Figure 3.11 and Table 3.10). 
 
 
 
 
Figure 3.11 Molecular structures of a) PtCl2{Ph2PCH2N(Naphth)PPh2} 3.19, 
b) PdCl2{Ph2PCH2N(Naphth)PPh2} 3.23, c) PtCl2{Ph2PCH2N(Naphth)PCy2} 3.25 and 
d) PtCl2{Ph2PCH2N(4-ClC10H6)PiPr2} 3.29. 
a) b) 
c) d) 
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Table 3.10 Selected bond lengths (Ǻ) and angles (º) for 3.19, 3.23, 3.25 and 3.29. 
 
 
 3.19 3.23 3.25 3.29 
 M = Pt M = Pd M = Pt M = Pt 
M(1)–Cl(1) 2.3571(19) 2.3625(8) 2.3745(7) 2.3727(7) 
M(1)–Cl(2) 2.3543(15) 2.3508(7) 2.3520(6) 2.3533(7) 
M(1)–P(1) 2.2101(15) 2.2227(8) 2.2075(7) 2.2322(7) 
M(1)–P(2) 2.2049(19) 2.2206(7) 2.2265(7) 2.2009(7) 
P(1)–C(1) 1.838(7) 1.836(3) 1.837(3) 1.840(3) 
C(1)–N(1) 1.467(8) 1.466(4) 1.471(3) 1.464(3) 
N(1)–P(2) 1.688(5) 1.685(2) 1.694(2) 1.700(2) 
     
Cl(1)–M(1)–P(1) 91.74(6) 90.48(3) 91.59(2) 90.01(3) 
Cl(1)–M(1)–P(2) 177.37(6) 175.68(3) 178.93(2) 175.55(3) 
Cl(1)–M(1)–Cl(2) 92.12(6) 95.16(3) 89.81(2) 89.17(3) 
Cl(2)–M(1)–P(2) 88.82(6) 87.81(3) 91.03(2) 93.81(3) 
Cl(2)–M(1)–P(1) 176.07(7) 174.36(3) 175.44(2) 177.78(3) 
P(1)–M(1)–P(2) 87.35(6) 86.54(3) 87.52(2) 86.89(3) 
M(1)–P(1)–C(1) 107.0(2) 107.76(9) 107.40(8) 107.94(9) 
P(1)–C(1)–N(1) 108.4(4) 108.46(18) 108.46(16) 107.23(18) 
C(1)–N(1)–P(2) 119.8(4) 120.19(19) 118.24(17) 117.04(17) 
N(1)–P(2)–M(1) 107.9(2) 108.22(9) 106.49(8) 105.86(8) 
 
 
The X-ray crystallographic data for 3.19, 3.23, 3.25 and 3.29 shows an essentially square 
planar geometry around the metal centre and also provides conformation of the cis 
arrangement of the coordinated PCNP ligand. The bond lengths and angles around the PtII 
and PdII atoms are normal with respect to metal-phosphine complexes and compare 
favourably with compounds prepared in the literature containing dppe,112,137,141,142 dcype143 
and PNP complexes.112,131 For 3.25 and 3.29, where there are differing substituents on each 
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P atom, there is a noticeable variation in Pt–Cl bond lengths. The more basic isopropyl and 
cyclohexyl groups initiate an increase in σ-donor behaviour of P(2) and hence the 
weakening of the Pt(1)–Cl(1) bond. This leads to a greater bond length for Pt(1)–Cl(1) 
[2.3745(7) Ǻ and 2.3727(7) Ǻ] with respect to Pt(1)–Cl(2) [2.3520(6) Ǻ and 2.3533(7) Ǻ]. 
As expected the P(1)–Pt(1)–P(2) bite angle has decreased from ca. 95 º, for the PCNCP 
containing 2.32, 2.34 – 2.37, 2.43, 2.45 and 2.46, to approximately 87 º for the five-
membered chelate ring complexes 3.19, 3.23, 3.25 and 3.29. 
 
Crystals of 3.33 and 3.34 suitable for X-ray crystallography were grown by slow diffusion 
of hexane into dichloromethane solutions (Figure 3.12 and Table 3.11). 
 
Figure 3.12 Molecular structures of Au2Cl2{Ph2PCH2N(Naphth)PPh2} 3.33 and 
Au2Cl2{Ph2PCH2N(Naphth)PCy2} 3.34. 
 
As with the binuclear complexes 2.89 and 2.90 the AuCl metal fragment is essentially 
linear [174.02(6) – 178.60(9)º] with respect to the P atom to which it is bound. The Au–P 
and Au–Cl bond lengths are typical for complexes of this type.21,27 Previous work 
performed by Smith et al.27 on AuI compounds of this nature indicated that intramolecular 
Au···Au bonding interactions were apparent for Au···Au distances of ca. 3.2 Ǻ. This weak 
aurophilic interaction was also observed for compound 3.34 with an Au···Au distance of 
3.086 Å, whereas the same interaction was not present in complex 3.33 (Au···Au distance 
of 5.667 Å). 
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Table 3.11 Selected bond lengths (Ǻ) and angles (º) for 3.33 and 3.34. 
 
 
 3.33 3.34 
Au(1)–Cl(1) 2.277(2) 2.2901(15) 
Au(2)–Cl(2) 2.284(2) 2.2939(15) 
Au(1)–P(1) 2.225(2) 2.2363(15) 
Au(2)–P(2) 2.2242(19) 2.2418(15) 
P(1)–C(1) 1.840(8) 1.850(7) 
C(1)–N(1) 1.466(9) 1.473(9) 
N(1)–P(2) 1.701(7) 1.697(5) 
   
Cl(1)–Au(1)–P(1) 174.25(10) 174.02(6) 
Cl(2)–Au(2)–P(2) 178.60(9) 177.93(6) 
Au(1)–P(1)–C(1) 114.7(3) 110.29(19) 
P(1)–C(1)–N(1) 114.0(5) 112.8(5) 
C(1)–N(1)–P(2) 119.8(5) 120.1(4) 
N(1)–P(2)–Au(2) 111.2(2) 109.82(18) 
 
 
3.1.3.5 Chromium(0) Chemistry of PCNP Ligands 
 
Having investigated the coordination behaviour of these ligands when P,P'-chelated to PtII 
or PdII and bridging two AuI atoms the ligands 3.8 – 3.11, 3.13, 3.15 and 3.16 were reacted 
with a Cr0 centre as a mode of comparison to the Cr0 coordinated PCNCP compounds 2.63 
– 2.66. Ligands 3.8 – 3.11 were reacted individually with Cr(CO)4(nbd) in the previously 
described manner (Eqn. 2.11) to give the complexes Cr(CO)4{Ph2PCH2N(R)PPh2} 3.37 – 
3.40 (Eqn. 3.7). The rationale behind this chemistry was to be able to analyse both the 
catalytic data and any information gained by characterisation of these compounds and 
therefore attempt to explain any trends in catalytic behaviour in selective olefin 
oligomerisation reactions. 
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In order to expand the study of the Cr0 coordination chemistry of these PCNP ligands, 
compounds 3.13, 3.15 and 3.16 were complexed to the same Cr0 centre. The attachment of 
isopropyl and cyclohexyl groups to PB and placing the bulky phospha-adamantane cage at 
the PA position indicates the versatility of this group of ligands and could have a profound 
effect on the structural parameters of these Cr0 compounds. 
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Figure 3.13 Structures of Cr(CO)4{Ph2PCH2N(Naphth)PiPr2} 3.40, 
Cr(CO)4{Ph2PCH2N(Naphth)PCy2} 3.42 and Cr(CO)4{AdPCH2N(Ph)PPh2} 3.43. 
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Table 3.12 Selected 31P{1H} NMR dataa for 3.37 – 3.43. 
 
 
 δ(PA) δ(PB) 2J(PAPB) 
3.37 67.9 142.8 32 
3.38 68.1 143.8 32 
3.39 68.2 143.8 33 
3.40 67.9 144.0 32 
3.41 68.6 161.1 32 
3.42 68.4 154.7 32 
3.43 64.5 138.9 36 
 
a NMR spectra measured in CDCl3 (in ppm). Coupling constants (J) in Hz. 
 
 
Figure 3.14 31P{1H} NMR spectrum of CrCO4{Ph2PCH2N(4-BrC10H6)PPh2} 3.39 
 
Upon characterisation (Table 3.2) of 3.37 – 3.43 two doublet resonances were exhibited 
within their 31P{1H} NMR spectra (Figure 3.14) as was observed for their respective free 
ligands 3.8 – 3.11, 3.13, 3.15 and 3.16. There was a large downfield shift in the δ(P) values 
PB 
PA
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for both PA and PB signifying the formation of  a five-membered chelate ring which has 
also been observed for the analogous Cr(CO)4(dppe) [δ(P) 79.4 ppm].22 The increase in 
coupling constants (J) from between 4 and 9 Hz to ca. 32 Hz adds further evidence to the 
formation of these P,P'-chelated complexes and could be due to the change in 3J to 2J 
coupling constants. Alteration of the substituents attached to PB atom has a similar outcome 
to the free ligands with downfield resonances for the more basic isopropyl and cyclohexyl 
phosphines. 
 
As with their PCNCP equivalents 2.63 – 2.66 there were four νCO vibrations within the IR 
spectra (Table 3.13) of the new Cr0 complexes 3.37 – 3.43. In some instances two stretches 
at lower frequency overlapped to give a broad vibration. The different substituents on the P 
atom had a small effect on the νCO stretching frequencies of these compounds with the more 
basic isopropyl (3.41) and cyclohexyl (3.42) groups giving slightly lower values due to 
them being poorer π-acceptor ligands. 
 
Table 3.13 Selected IR dataa for 3.37 – 3.43. 
 
 
 νCO 
3.37 2009 1921 1880 
3.38 2009 1923 1883 
3.39 2006 1918 1891 1879 
3.40 2007 1924 1887 
3.41 2003 1910 1881 
3.42 2002 1909 1881 
3.43 2010 1934 1891 
 
a IR spectra measured as KBr discs (in cm-1). 
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3.1.3.6 X-ray Crystal Structures of Cr(CO)4{Ph2PCH2N(R)PPh2} (R = Naphth, Quin) 
 
X-ray crystallographic data was collected for compounds 3.37 and 3.40 (Figure 3.15 and 
Table 3.14) with suitable crystals being grown by slow diffusion of methanol into 
dichloromethane solutions. Two molecules were observed in the unti cell of 3.37 with only 
one of the two shown in Figure 3.15. 
 
Figure 3.15 Molecular structures of Cr(CO)4{Ph2PCH2N(Naphth)PPh2} 3.37 and 
Cr(CO)4{Ph2PCH2N(Quin)PPh2} 3.40 (only the ipso C atoms of the phenyl rings are shown 
for clarity). 
 
The geometries of 3.37 and 3.40 are seemingly octahedral with respect to the Cr0 centre and 
the P donor atoms are in a cis arrangement affording a five-membered chelate ring. The 
major features of these structures are very similar and are also comparable with Cr0 
complexes containing neutral diphosphines prepared by Butenschon and co-workers.109 For 
each of these two structures the Cr(1)–P(2) bond length is longer than the Cr(1)–P(1) bond 
due to the electron withdrawing nature of the N(1) atom to which P(2) is bound. As 
expected the Cr(1)–P(1) bond length is similar in magnitude to the equivalent bonds found 
in Cr(CO)4{Ph2PCH2N(Naphth)CH2PPh2}. The small change in substituent between 3.37 
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and 3.40, which includes the inclusion of an N atom into the naphthy rings, has very little 
impact on the structural characteristics of these two compounds 
 
Table 3.14 Selected bond lengths (Ǻ) and angles (º) for 3.37 and 3.40. 
 
 
 3.37 3.40a
Cr(1)–P(1) 2.3420(5) 2.3166(11) 2.3257(11) 
Cr(1)–P(2) 2.3481(5) 2.3253(11) 2.3351(11) 
Cr(1)–C(1) 1.8972(17) 1.886(4) 1.883(4) 
Cr(1)–C(2) 1.8872(16) 1.876(4) 1.873(4) 
Cr(1)–C(3) 1.8567(18) 1.861(4) 1.862(4) 
Cr(1)–C(4) 1.8551(17) 1.865(4) 1.850(4) 
    
P(1)–Cr(1)–P(2) 81.322(16) 82.70(4) 82.48(4) 
P(1)–Cr(1)–C(1) 96.11(5) 83.77(12) 94.65(12) 
P(1)–Cr(1)–C(2) 86.23(5) 91.06(12) 84.82(12) 
P(1)–Cr(1)–C(3) 94.80(6) 95.70(12) 96.00(12) 
P(1)–Cr(1)–C(4) 173.07(6) 171.64(13) 170.51(12) 
P(2)–Cr(1)–C(1) 90.61(5) 89.74(12) 92.27(13) 
P(2)–Cr(1)–C(2) 88.91(5) 91.97(12) 89.96(12) 
P(2)–Cr(1)–C(3) 176.03(6) 176.88(12) 178.48(12) 
P(2)–Cr(1)–C(4) 96.23(5) 89.18(12) 88.22(12) 
 
a Two independent molecules were observed in the unit cell of 3.40. 
 
3.2 Template Complexes Containing PCOP and PCNP Ligands 
 
Due to early difficulties in the synthesis of PCNP ligands an alternative route was chosen. 
This method involved the coordination of two monodentate phosphorus(III) ligands that 
upon binding to a transition metal would bring them in to close proximity to each other and 
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would hence promote their reactivities. The resulting complex could be treated with KCN 
and the desired ligand would be displaced from the metal centre. To assess the suitability of 
this particular route the preparation of PtII PCOP complexes with a chlorophosphine and 
AdPCH2OH, by elimination of HCl, was attempted (Eqn. 3.8).157 One of the major benefits 
of this reaction is that no base is required to promote the P–O bond formation with the 
reaction proceeding through the intermediacy of cis-PtCl2{(AdPCH2OH)(Ph2PCl)} before 
HCl elimination. 
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Under nitrogen two solutions, one of AdPCH2OH in dichloromethane and the second 
containing the appropriate chlorophosphine in dichloromethane, were added simultaneously 
to a third solution of PtCl2(COD) in dichloromethane to give the compounds 
PtCl2{AdPCH2OPR2} 3.44 – 3.46. The solution was stirred for 30 min and then 
concentrated under reduced pressure. Diethyl ether was added to enable precipitation of the 
desired product which was filtered and dried in vacuo. The yields for these PtII complexes 
were in the range of 56 – 76%. The PdII derivative 3.47 of the PtII containing 3.44 was 
prepared in a similar manner with its respective PdCl2(COD) precursor and was isolated in 
a yield of 91%. 
 
The complexes 3.44 – 3.47 gave two doublet resonances in their respective 31P{1H} NMR 
spectra (Table 3.15) with appropriate 2J(PP) coupling constants in the region of 5 – 13 Hz 
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and 1J(PtP) coupling constants in the range of 3487 – 3815 Hz for the PtII complexes 3.44  
and  3.45. The 1J(PtPB) coupling constant for 3.46 is exceptionally large with respect to 
3.44 and 3.45, which was also observed by Pringle et al.,158 due to the strong π-acceptor 
capabilities of the PB atom.  The indicative νMCl stretches at approximately 300 cm-1 in the 
IR spectra of these compounds showed that the two P donor atoms had coordinated in a cis 
conformation so the oxygen on the hydroxymethylphosphine was accessible to the P atom 
on the chlorophosphine. The lack of a νOH vibration within the IR spectra of 3.44 – 3.47 
indicated that the AdPCH2OH had reacted and undergone P–O bond formation suggesting 
that the two phosphorus(III) ligands were bound together, releasing HCl, forming five-
membered chelate rings. 
 
Table 3.15 Selected 31P{1H} NMR and IR dataa for 3.44 – 3.47. 
 
 
 δ(PA) δ(PB) 2J(PAPB) 1J(PtPA) 1J(PtPB) νMCl 
3.44 51.1 128.4 8 3748 3667 292, 306 
3.45 52.4 174.1 5 3815 3487 291, 307 
3.46 49.9 106.8 8 3442 5725 287, 305 
3.47 75.4 158.2 13 – – 293, 304 
 
a NMR spectra measured in CDCl3 (in ppm). Coupling constants (J) in Hz. IR spectra recorded as KBr discs 
(in cm-1). 
 
Having successfully reacted two phosphorus(III) ligands with a PtII or PdII centre and 
prepared complexes containing a five-membered chelate ring a similar procedure was used 
to obtain a template complex containing a PCNP ligand (Eqn. 3.9). The previously 
synthesised secondary aminophosphine AdPCH2N(H)Ph 2.68 was coordinated, along with 
Ph2PCl, to PtII to give the P,P'-chelated PtCl2{AdPCH2N(Ph)PPh2} 3.30. 
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Compound 3.30 has also been synthesised via preparation of the free ligand 3.16 (Section 
3.1.3.3) followed by reaction with one equivalent of PtCl2(COD). Therefore confirmation 
that this template reaction has been successful in its synthesis of the Pt-PCNP 3.30 complex 
can be obtained by comparison of the data obtained via both routes. The δ(P) values 
observed for both PA and PB within the 31P{1H} NMR spectra of this compound synthesised 
by each route are identical with further confirmation found within the IR spectrum where 
no νNH vibration was observed and hence no AdPCH2N(H)Ph starting material was present. 
 
The two methods for the synthesis of ligand 3.16 both have their own good points and 
potential pitfalls. The procedure used to prepare the ligand via a template reaction would 
involve the use of KCN to displace the ligand from complex 3.30 which is extremely 
poisonous and if possible should be avoided. Although this method was advantageous with 
regards to reaction time and simplicity. The immediate synthesis of 3.16 was a difficult 
reaction with a lot of attention paid to omitting both water and air from the reaction vessel 
and solvent. The direct approach to obtaining this ligand was clearly the best route, due to 
the exclusion of the use of both a precious metal precursor and toxic KCN. A suitable 
method to purify the ligand following synthesis under the optimised conditions made this 
process a very successful means by which to synthesise a phospha-adamantane cage 
containing PCNP ligand. 
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3.2.1 X-ray Crystal Structure of PtCl2{AdPCH2OPPh2} 
 
Crystals of 3.44 suitable for X-ray crystallography were grown by slow diffusion of diethyl 
ether into a CDCl3 solution and the X-ray crystallographic data was collected (Figure 3.16 
and Table 3.16). 
 
 
Figure 3.16 Molecular structure of PtCl2{AdPCH2OPPh2} 3.44. 
 
Compound 3.44 is square planar with respect to the Pt centre with similar Pt–P and Pt–Cl 
bond lengths to previously prepared PtII complexes with PCNP ligands 3.19 and 3.25. 
Faraone et al.159 have synthesised a similar PdII containing a PCOP ligand with different 
substituents on each P atom and the bond lengths and angles around the transition metal 
centre are very similar in magnitude to the values obtained for 3.44. Due to the formation 
of a five-membered Pt-P-C-O-P chelate ring as opposed to the six-membered ring formed 
by a PCNCP complex the P(1)–Pt(1)–P(2) bite angle is much smaller [85.18(4)º for 3.44 
and 96.15(3) for 2.8]. As with the unsymmetrical PCNCP complex containing an 
adamantane cage 2.82 the Cl(1)–Pt(1)–Cl(2) bond angle is smaller than for compounds 
with PPh2 groups due to the bulky caged phosphine forcing Cl(2) closer to Cl(1) [Cl(1)–
Pt(1)–Cl(2) is 88.54º for 3.44 and 92.12º for 3.19]. When comparing the ring conformation 
of 3.44 with a PCNP anaologue 3.19 (Figure 3.17) it is clear that both could be described as 
a twisted envelope with the backbone C and O (or N) atoms sitting above or below the 
plane formed by Pt(1), P(1) and P(2). The difference between these two complexes is found 
in the location of C(11) with it being found 0.14 Ǻ below the Pt(1)/P(1)/P(2) plane for 3.44 
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and 0.92 Ǻ above the plane for 3.19, whereas the O(4) and N(1) atoms can be found in a 
similar position at 0.39 Ǻ and 0.45 Ǻ respectively. The variation in these two structures 
could be related to the replacement of the O atom for a N atom or even the presence of the 
naphthyl substituent on N(1). 
 
Figure 3.17 Ring conformation comparison of PtCl2{AdPCH2OPPh2} 3.44 and 
PtCl2{Ph2PCH2N(C10H7)PPh2} 3.19. (Only the ipso carbons of the R substituents are 
shown for clarity) 
 
Table 3.16 Selected bond lengths (Ǻ) and angles (º) for 3.44. 
 
 
Pt(1)–Cl(1) 2.3516(10)  P(1)–Pt(1)–Cl(1) 90.04(4) 
Pt(1)–Cl(2) 2.3580(10)  P(2)–Pt(1)–Cl(1) 174.92(4) 
Pt(1)–P(1) 2.2062(10)  Cl(1)–Pt(1)–Cl(2) 88.54(4) 
Pt(1)–P(2) 2.2179(10)  Cl(2)–Pt(1)–P(2) 96.26(4) 
P(1)–O(4) 1.619(3)  P(1)–Pt(1)–Cl(2) 178.48(4) 
O(4)–C(11) 1.436(4)  P(1)–Pt(1)–P(2) 85.18(4) 
C(11)–P(2) 1.858(4)  Pt(1)–P(1)–O(4) 109.54(11) 
   P(1)–O(4)–C(11) 116.2(2) 
   O(4)–C(11)–P(2) 109.0(3) 
   C(11)–P(2)–Pt(1) 106.40(13) 
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3.3 Conclusions 
 
In summary, a method has been developed for the synthesis of a group of ligands 
containing a PCNP backbone analogous to dppe. These nonsymmetric ditertiary phosphines 
have incorporated a number of substituents on both the N and P atoms ranging from a 
bulky caged phosphine to electron withdrawing phenyl rings. The nonsymmetric nature of 
these compounds, as was the case with the nonsymmetric PCNCP ligands, combined with 
the method by which they were prepared gives a route to a set of bis(phosphino)amines 
with tuneable stereoelectronic properties. The coordination behaviour has been investigated 
and these ligands have indicated that they successfully P,P'-chelate with PtII, PdII and Cr0 
metal centres and also act as a bridging ligand when complexed to RuII and AuI. A number 
of these transition metal complexes have been characterised by X-ray crystallography 
which has given a mode for comparison between this group of ligands. A successful 
template reaction has also been applied to the synthesis of these PCNP ligands as an 
alternative route to the straight preparation of the free ligands. 
 
Along with the synthesis and coordination chemistry of these PCNP ligands a suitable 
template reaction has been utilised to synthesise a group of PtII complexes of diphosphine 
ligands with PCOP backbones. The lack of base required for the P–O bond formation is of 
great benefit with the reaction proceeding through the intermediacy of cis-
PtCl2{(AdPCH2OH)(Ph2PCl)} before HCl elimination. This method has also been 
successfully utilised for the preparation of a coordinated PCNP ligand. 
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CHAPTER 4 
 
SYNTHESIS, CHARACTERISATION AND 
COORDINATION CHEMISTRY OF LIGANDS 
WITH A PNP BACKBONE 
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4.1 Synthesis and Coordination Studies of PNP Ligands 
 
In addition to the carbon backboned diphosphines, dppp, dppe and dppm, ligands with a 
simple PNP backbone have been found to be very useful in a range of catalytic 
reactions.1,35,36 The ease in which the substituents attached to both the N and P atoms 
makes them very versatile due to changes in both the electronic and steric properties of an 
individual ligand. In recent years there has been a great level of interest in these PNP 
ligands (Figure 4.1) within the field of selective ethylene oligomerisation reactions to 
obtain the α-olefins 1-hexene58,59,61,63,87,95,97- 99,110,160 and 1-octene.60,86-88,99,107,108,110 
 
P
N
P
R5
R1 4R
R2 3R
 
 
Figure 4.1 Example of a PNP ligand used for ethylene oligomerisations. 
 
Bollmann et al.86 found that altering the substituents in the R5 position had little effect on 
the selectivity of the reaction, but in some cases, had a dramatic effect on the catalyst 
activity with pentyl and methyl groups being more active than their cyclohexyl and phenyl 
counterparts.86 Further studies indicated that a change in the R1 – 4 groups had a profound 
effect on the selectivity towards 1-hexene or 1-octene.63,87 An increase in steric bulk around 
the P atoms led to an increase in C6 production with an isopropyl group being more 
successful than an ethyl and a methyl substituent.63 Interestingly replacement of these bulky 
substituents with MeO groups continues to give a highly selective catalyst for 1-hexene 
production as they act as pendant donors towards the Cr centre.87 Substitution of this steric 
bulk or these pendant donors for H atoms one by one gave a gradual change in selectivity 
from C6 to C8 with the ligand where R1 – 4 were H atoms and R5 was an isopropyl group 
currently being the most successful compound in terms of catalytic selectivity towards C8.87 
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4.1.1 Synthesis of the Secondary Aminophosphines Ph2PN(H)R 
 
As mentioned in Chapter 3 two routes (Scheme 3.1) towards the preparation of a PCNP 
ligand were proposed. Having managed to synthesise these compounds via Route A an 
attempt was made to produce them by Route B (Page 93). For this a secondary 
aminophosphine starting material was required and hence prepared by a similar procedure 
(Eqn. 4.1) previously utilised by Smith and co-workers.131 One equivalent of Ph2PCl was 
reacted with two equivalents of an appropriate primary amine in toluene to give 
Ph2PN(H)R 4.1 – 4.3. 
Ph2P Cl + R NH22
C7H8
0 ºC
Ph2P
H
N
R Eqn. 4.1
 
 
=
R
4.1 4.2 4.3  
 
Upon addition of a solution of the appropriate amine to a second solution of Ph2PCl in 
toluene a white precipitate of [RNH3]Cl formed and, on completion of the reaction, the 
solid was filtered under nitrogen. The filtrate, containing the desired product, was 
evaporated to dryness under reduced pressure. Compounds once isolated were found to be 
air sensitive in both the solid state and in solution. 
 
All of the compounds 4.1 – 4.3 exhibited a single resonance in their respective 31P{1H} 
NMR spectra in the region of δ(P) 28 – 35 ppm (Table 4.1) which differs by approximately 
50 ppm downfield with respect to their Ph2PCH2N(H)R analogues due to the electron-
withdrawing nature of the N atom to which the P atom is bound. The presence of the 
secondary phosphinoamine was confirmed by both the characteristic weakly absorbing νNH 
stretches in the range 3200 – 3400 cm-1 within the IR spectra and the broad δ(NH) 
resonance in the 1H NMR spectra of 4.1 – 4.3. 
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Table 4.1 Selected 31P{1H} NMR and IR dataa for 4.1 – 4.3. 
 
 
 δ(P) δ(NH) νNH 
4.1 34.5 1.7 3349b 
4.2 28.1 4.3 3295 
4.3 20.0 4.9 3229 
 
a NMR spectra measured in CDCl3 (in ppm); IR spectra recorded as KBr discs (or nujol mullb) (in cm-1). 
 
Having synthesised the secondary phosphinoamines 4.1 – 4.3 an attempt was made to 
convert 4.1, via a Mannich-based condensation reaction, that has been used to prepare the 
nonsymmetric PCNCP ligands 2.73 – 2.77. Ph2PN(H)iPr 4.1 was reacted with one 
equivalent of Ph2PCH2OH in methanol to endeavour to synthesise a PCNP ligand with an 
isopropyl group on the N atom (Eqn. 4.2). 
Ph2P
H
N
Ph2P OH
Ph2P
N
PPh2
+
CH3OH
Eqn. 4.2
 
 
A methanol solution containing Ph2PN(H)iPr 4.1 and Ph2PCH2OH in stoichiometric 
amounts was stirred at room temperature for 20 h. The reaction was monitored at regular 
intervals by recording 31P{1H} NMR spectra of in situ samples. Each spectrum obtained 
throughout the procedure revealed no reaction took place due to the lack of expected 
doublet resonances and only showed the presence of both PIII reagents. In order to facilitate 
the reaction the solution was heated to reflux for 15 h at 70 – 80 ºC and still the reaction did 
not proceed as anticipated. Upon refluxing of the methanol solution the Ph2PN(H)iPr was 
found to decompose to a number of unknown oxidation products. 
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4.1.2 Synthesis of Ph2PN(R)PPh2 Ligands 
 
Due to the recent success for ligands with a PNP backbone within selective ethylene 
oligomerisation reactions63,86,87 a small family of analogous ligands were synthesised by a 
similar method of P-N bond formation to ligands 4.1 – 4.3.131 Two equivalents of Ph2PCl 
were reacted individually with one equivalent of several primary aliphatic and aromatic 
amines (Eqn. 4.3) in the presence of triethylamine. 
Ph2P Cl2 + R NH2
C7H8 or Et2O
NEt3 Ph2P
N
PPh2
R
Eqn. 4.3
 
 
=
R
4.4 4.5 4.6 4.7  
 
Addition of neat Ph2PCl to a toluene (for 4.4) or diethyl ether (for 4.5 – 4.7) solution 
containing the appropriate amine and triethylamine in a 2:1:1 ratio respectively gave a 
white precipitate of [NEt3H]Cl. The progress of the reactions were monitored by 31P{1H} 
NMR spectroscopy and, on completion, the solvent was evaporated to dryness under 
reduced pressure. Degassed distilled water was added to the remaining solid and the 
product, which was insoluble in water, was filtered off. The products obtained by this 
procedure were found to be air stable in the solid state, but were found to oxidise in 
solution. Yields for these ligands were in the range of 45 – 75%. Compounds 4.4 and 4.5 
have been previously synthesised by Ewart et al.161 and Seidel et al.162 respectively. 
 
As with the previously synthesised symmetric PCNCP diphosphines (See Chapter 2) 
ligands 4.4 – 4.7 exhibited a single resonance in their individual 31P{1H} NMR spectra in 
the range of δ(P) 48 – 69 ppm. There was a difference in chemical shift between 
compounds with aromatic and aliphatic substituents at the R position with 4.5 and 4.6 being 
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towards the upper limit of this range and 4.4 at δ(P) 48.9 ppm. Compound 4.4 gave a very 
broad resonance in its 31P{1H} NMR spectrum as opposed to 4.5 – 4.7 that gave sharp 
singlets. The resonance for the ligand with a naphthyl group attached to the N atom (4.6) 
displayed a chemical shift similar to that observed for the PB atom in the analogous PCNP 
ligand 3.8. 
 
4.1.3 Coordination Studies of PNP Ligands and Their Respective Secondary 
Aminophosphines 
 
4.1.3.1 Coordination Chemistry of Ph2PN(H)R Ligands 
 
Following on from the earlier coordination studies into secondary aminophosphines 
(Sections 2.2.3.1 and 3.1.3.1) compounds 4.4 and 4.5 were independently coordinated to 
PtCl2(COD) in order to investigate if they would also bind as P-monodentate ligands. Two 
equivalents of the diphosphines 4.4 and 4.5 were reacted with one equivalent of the PtII 
precursor in dichloromethane (Eqn. 4.4). 
Pt
Cl
Cl
Ph2P
Ph2P
Cl
Pt
Cl
+ Eqn. 4.4
CH2Cl2
Ph2P
H
N
R2
N
H
R
H
N
R
 
=
R
4.8 4.9  
 
Thus far, within this study, coordination of each phosphine to PtII gave a large change in 
the chemical shift for the resonances in the 31P{1H} NMR spectra between the PtII 
complexes and the equivalent free ligands. Interestingly in the case of 4.8 and 4.9 the 
difference was less than 5 ppm to their respective phosphines 4.4 and 4.5. The large 1J(PtP) 
coupling constants of ca. 4000 Hz, also complimented by the two νPtCl stretches in the IR 
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spectrum, were indicative of a cis arrangement for both 4.8 and 4.9 (Table 4.1).163 The 
presence of the νNH vibration from the free ligand through to the complex further confirms 
the successful synthesis of the secondary aminophosphines 4.4 and 4.5. 
 
Table 4.2 Selected 31P{1H} NMR and IR dataa for 4.8 – 4.9. 
 
 
 δ(P) 1J(PtP) νPtCl νNH 
4.8 30.4 3952 284, 310 3262 
4.9 28.8 3926 289, 317 3220 
 
a NMR spectra measured in CDCl3 (in ppm). Coupling constants (J) in Hz. IR spectra recorded as KBr discs 
(in cm-1). 
 
4.1.3.2 X-ray Crystal Structure of cis-PtCl2{Ph2PN(H)iPr}2 
 
Crystals suitable for X-ray crystallography of 4.8 were grown via slow diffusion of 
petroleum ether (b.p. 60–80 ºC) into a dichloromethane solution of 4.8 and the 
crystallographic data was collected (Figure 4.2 and Table 4.3).164 
 
Figure 4.2 Molecular structure of cis-PtCl2{Ph2PN(H)iPr}2 4.8. 
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The molecular structure of 4.8 exhibits a fundamental square–planar geometry comprising 
of two chloride and two Ph2PN(H)iPr ligands in a cis conformation around the PtII centre. 
The Pt-P and Pt-Cl bonds are typical for a complex of this type and compare positively 
with similar compounds prepared in the literature.165,166 Complex 4.8 displays an 
intramolecular H-bond between the secondary amine and a chloride ligand bound to the 
metal centre [N(1)···Cl(1) 3.002(2) Å, H(1)···Cl(1) 2.44(3) Å; N(1)−H(1)···Cl(1) 143(4)˚]. 
This leads to inconsistency between the Pt(1)–P(1)–N(1) and Pt(1)–P(2)–N(2) bond angles 
[109.00(8)º and 116.04(8)º respectively]. 
 
Table 4.3 Selected bond lengths (Ǻ) and angles (º) for 4.8. 
 
 
Pt(1)–Cl(1) 2.3779(6)  Cl(1)–Pt(1)–P(1) 92.30(2) 
Pt(1)–Cl(2) 2.3503(6)  Cl(1)–Pt(1)–P(2) 169.29(2) 
Pt(1)–P(1) 2.2565(6)  Cl(1)–Pt(1)–Cl(2) 84.75(2) 
Pt(1)–P(2) 2.2416(6)  Cl(2)–Pt(1)–P(2) 86.89(2) 
P(1)–N(1) 1.647(2)  Cl(2)–Pt(1)–P(1) 177.05(2) 
N(1)–C(1) 1.470(3)  P(1)–Pt(1)–P(2) 96.03(2) 
P(2)–N(2) 1.665(2)  Pt(1)–P(1)–N(1) 109.00(8) 
N(2)–C(16) 1.489(3)  Pt(1)–P(2)–N(2) 116.04(8) 
 
 
4.1.3.3 Coordination Chemistry of PNP Ligands 
 
All diphosphines described thus far incorporating PCNCP and PCNP backbones have been 
found to form six- and five-membered chelate rings respectively when bound to square 
planar centres. This P,P-chelate behaviour is also extended to the PNP ligands,38-
42,112,131,167-170 where there are no methylene linkers between the N and P atoms, but the 
four-membered chelate ring formed is highly strained due to the small P–M–P bite angle. 
This strain, on occasions, has previously caused PNP ligands to bridge two metal 
centres42,127,168 and form a more stable binuclear complex. To assess the coordination 
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behaviour of ligands 4.4 – 4.7 they were reacted with PtCl2(COD) in stoichiometric 
amounts to give the complexes PtCl2{Ph2PN(R)PPh2} 4.10 – 4.13 (Eqn. 4.5). 
 
Pt
Cl
Cl
Ph2
P
P
Ph2
Cl
Pt
Cl
+ Eqn. 4.5
CH2Cl2
Ph2P
N
PPh2
R
N R
 
=
R
4.10 4.11 4.12 4.13  
 
Table 4.4 Selected 31P{1H} NMR and IR dataa for 4.10 – 4.14. 
 
 
 δ(P) 1J(PtP) νMCl 
4.10 15.1 3334 287, 310 
4.11 20.6 3332 299, 321 
4.12 22.9 3343 298, 319 
4.13 20.1 3305 291, 307 
4.14 29.2 – 283, 306 
 
a NMR spectra measured in CDCl3 (in ppm). Coupling constants (J) in Hz. IR spectra recorded as KBr discs 
(in cm-1). 
 
The characterisation of the complexes 4.10 – 4.13 (Table 4.4) showed a large upfield shift 
in the δ(P) values with respect to their individual free ligands in their 31P{1H} NMR 
spectra. All of the PtII compounds 4.10 – 4.13 gave a singlet resonance with appropriate 
1J(PtP) couplings of approximately 3300 Hz which are incidentally smaller in magnitude to 
those for the analogous cis-PtCl2{Ph2PN(H)R}2 compounds 4.8 and 4.9. The magnitude of 
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these coupling constants and the two νPtCl  stretches in the IR spectra of 4.10 – 4.13 indicate 
the formation of a compound with cis geometry with respect to the two P donor atoms 
which was later confirmed by X-ray crystallography (See section 4.1.3.4). The PdII 
complex 4.14 was prepared by reaction of 4.4 with PdCl2(COD) and gave similar results 
upon analysis with a single resonance in the 31P{1H} NMR spectrum at δ(P) 29.2 ppm and 
two νPdCl vibrations in the IR spectrum. 
 
4.1.3.4 X-ray Crystal Structures of PtCl2{Ph2PN(R)PPh2} (R = iPr, Naphth) 
 
Crystals of 4.10 and 4.12 suitable for X-ray crystallography were grown by slow diffusion 
of diethyl ether into a CDCl3 solution for 4.10 and into a dichloromethane solution for 4.12 
(Figure 4.3 and Table 4.5). 
 
 
Figure 4.3 Molecular structures of PtCl2{Ph2PN(iPr)PPh2} 4.10 and 
PtCl2{Ph2PN(Naphth)PPh2} 4.12. 
 
The major features of both of these structures are very similar with an expected pseudo 
square–planar geometry around the PtII centres. As previously alluded to, the PNP ligand is 
in a cis arrangement and hence a highly strained four-membered Pt-P-N-P chelate ring had 
been formed. The Pt-P and Pt-Cl bond lengths are normal with respect to coordination 
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studies of similar ligands within the literature.40,112,131 The gross aspects of these structures 
are also similar to the complexed secondary aminophosphine 4.8. 
 
Table 4.5 Selected bond lengths (Ǻ) and angles (º) for 4.10 and 4.12. 
 
 
 4.10 4.12 
Pt(1)–Cl(1) 2.365(3) 2.3551(10) 
Pt(1)–Cl(2) 2.353(3) 2.3567(10) 
Pt(1)–P(1) 2.195(3) 2.2045(10) 
Pt(1)–P(2) 2.201(3) 2.2050(10) 
P(1)–N(1) 1.705(8) 1.715(3) 
N(1)–P(2) 1.716(8) 1.706(3) 
   
Cl(1)–Pt(1)–P(1) 98.74(10) 96.11(3) 
Cl(1)–Pt(1)–P(2) 170.51(10) 168.96(4) 
Cl(1)–Pt(1)–Cl(2) 92.21(9) 92.66(4) 
Cl(2)–Pt(1)–P(2) 97.24(11) 98.33(4) 
Cl(2)–Pt(1)–P(1) 167.16(10) 171.21(4) 
P(1)–Pt(1)–P(2) 72.00(10) 72.91(4) 
Pt(1)–P(1)–N(1) 94.8(3) 93.29(11) 
P(1)–N(1)–P(2) 98.1(4) 99.96(16) 
N(1)–P(2)–Pt(1) 94.3(3) 93.53(11) 
 
 
4.1.3.5 Chromium Chemistry of PNP Ligands 
 
Recent studies by Wass and co-workers110 has discussed the coordination of PNP ligands to 
a Cr0 centre followed by oxidation of these complexes to give active catalysts for selective 
ethylene oligomerisation reactions. Further work by Hanton et al.108 substantiates the 
activity of these catalysts but where Wass utilised an electrochemical oxidation step Hanton 
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used a AgI salt for the chemical oxidation. The Cr0 compounds previously reported, 
incorporating a ligand with a PNP backbone, display a four-membered Cr-P-N-P chelate 
ring which should also be the case for compound 4.6. To this end equimolar amounts of 4.6 
and Cr(CO)4(nbd) were reacted at 50 ºC for 1 h (Eqn. 4.6) as for the preparation of 2.63 – 
2.66. 
OC
OC
Cr
OC
OC
Eqn. 4.6
OC
OC
Cr
P
Ph2
POC
OC
Ph2P
N
PPh2
N+
C7H8
Ph2
4.15
 
As with the analogous PCNCP and PCNP Cr0 complexes, compound 4.15 exhibited a 
single resonance at δ(P) 117.5 ppm in the 31P{1H} NMR spectrum. The four expected 
carbonyl stretches were observed at 2006, 1917, 1889 and 1879 cm-1 in the IR spectrum 
and were in a similar region to the complex synthesised by Hanton and co-workers with an 
isopropyl group attached to the N atom (2005, 1920, 1888 cm-1).108 Interestingly, there was 
very little difference in wavenumbers for 4.15 and its PCNCP derivative 2.65 indicating 
very similar electronic properties of the P atoms on each ligand. 
 
4.1.3.6 X-ray Crystal Structure of Cr(CO)4{Ph2PN(Naphth)PPh2} 
 
Crystals suitable for X-ray crystallography of 4.15 were grown by slow diffusion of 
methanol into a dichloromethane solution and the crystallographic data was collected 
(Figure 4.4 and Table 4.6). The data obtained showed the structure to be in an octahedral 
geometry with respect to the metal centre with the P donor atoms in a cis arrangement. As 
previously observed for the PCNCP and PCNP derivatives the Cr-C bond lengths for C(3) 
and C(4), which are trans to P atoms, are shorter then those for C(1) and C(2) due to the π-
acceptor ability of the PNP ligand. The bond lengths and angles around the Cr0 atom are 
similar to those for the analogous complex containing an isopropyl group connected to the 
THF
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N atom110 suggesting that altering this group from an aromatic to an aliphatic substituent 
has very little influence on structural parameters of the complex. 
 
 
Figure 4.4 Molecular structure of Cr(CO)4{Ph2PN(Naphth)PPh2} 4.15. 
 
Table 4.6 Selected bond lengths (Ǻ) and angles (º) for 4.15. 
 
 
Cr(1)–P(1) 2.3445(3)  P(1)–Cr(1)–P(2) 68.787(11) 
Cr(1)–P(2) 2.3447(3)  P(1)–Cr(1)–C(1) 92.87(4) 
Cr(1)–C(1) 1.8867(12)  P(1)–Cr(1)–C(2) 90.38(4) 
Cr(1)–C(2) 1.8865(12)  P(1)–Cr(1)–C(3) 98.07(4) 
Cr(1)–C(3) 1.8694(13)  P(1)–Cr(1)–C(4) 168.69(4) 
Cr(1)–C(4) 1.8594(12)  P(2)–Cr(1)–C(1) 92.57(4) 
   P(2)–Cr(1)–C(2) 87.23(4) 
   P(2)–Cr(1)–C(3) 166.60(4) 
   P(2)–Cr(1)–C(4) 99.93(4) 
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4.2 Effects of Chelate Ring Size on Structural Parameters 
 
The structural parameters of transition metal complexes can be of great importance to their 
behaviour upon catalysing a given reaction with activity,1 selectivity4,5,171 and 
yield5significantly affected by seemingly small alterations in the make-up of the catalyst. 
Although there has been no work performed on comparing the differences, both structurally 
and catalytically, between PNP, PCNP and PCNCP ligands there have been significant 
studies into their C-backboned analogues. Zou and co-workers5 found that an increase in 
bite angle from dppm to dppp enhanced both their selectivity and yield considerably when 
bound to Rh and catalysing a Heck-type coupling. In direct agreement with this particular 
study, Pringle et al.1 discovered that a PdII catalyst of dppp was an order of magnitude more 
active than its dppe analogue when catalysing a copolymerization reaction. The trend 
continued down to the small bite angled dppm complex which was essentially inactive. 
 
A study by Deirkes and co-workers172 investigated the correlation between the P–M–P bite 
angle in diphosphine complexes and efficiency/selectivity observed in various catalytic 
reactions. A number of examples were found where a small change in bite angle 
represented a dramatic variation in catalytic activity/selectivity and the shear volume of 
cases within their work suggests that this correlation is not mere coincidence. Systematic 
searches by Deirkes et al. indicated that for many bidentate diphosphine ligands the P–M–P 
angles concentrate in surprisingly small ranges even if complexes of different metals in 
various oxidation states are considered.172 This information therefore adds weight to any 
possible evidence found for relationships observed between bite angles for both PtII and Cr0 
complexes and the performance of a CrIII catalyst in ethylene oligomerisation reactions. 
 
The P–M–P angle found in transition metal complexes is a compromise between the 
ligand’s preferred bite angle and the one preferred by the metal centre.172 The former is 
mainly determined by constraints imposed by the ligand backbone and by steric repulsion 
between substituents on the phosphorus atoms and/or the backbone. Electronic effects seem 
to have a more indirect influence by changing the preferred M–P bond length. The metal 
preferred bite angle, on the other hand, is mainly determined by electronic requirements. 
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Other ligands attached to the metal centre can influence the bite angle if they are very bulky 
or if they have a strong influence on the metal orbitals.172 The metal preferred bite angle for 
cis coordinated bidentate ligands is 90º in a square–planar or octahedral complex172 but 
clearly, as a catalytic reaction progresses through a number of intermediates, the geometry 
and hence the preferred bite angle can change. Also the effect of the favoured ligand bite 
angle can have a large effect on the final value observed as can be seen from the 
crystallographic data for both the PtII and Cr0 complexes. 
 
Clearly as the chelate ring size increases various other aspects of the coordination sphere 
will change. The bite angle and M(1)···N(1) distances will increase with the number of 
methylene linkers within the backbone of the ligand. A difference in M–P bond lengths will 
arise and can be attributed to the change in electronegativity of C or N atoms to which the P 
atom is connected. Complex 3.19 sits in an envelope conformation with C(1) sat 0.46 Ǻ 
above the plane containing Pt(1)–P(1)–P(2)–N(1), whereas compound 2.45 adopts a pseudo 
chair conformation with Pt(1) 0.21 Ǻ above and N(1) 0.77 Ǻ below the plane P(1)–P(2)–
C(1)–C(2). The angle at which the naphthyl ring sits with respect to the chelate ring for 
each of these three PtII compounds decreases as the number of atoms in that ring increases 
with torsion angles of 87.4º, 80.5º and 63.8º for 4.12, 3.19 and 2.45 respectively. 
 
Table 4.7 Selected bond lengths (in Ǻ) and angles (in º) for 4.12, 3.19 and 2.45. 
 
 
 4.12 3.19 2.45 
P(1)-Pt(1)-P(2) 72.91(4) 87.35(6) 96.51(4) 
Pt(1)-P(1) 2.2045(10) 2.2101(15) 2.2157(10) 
Pt(1)-P(2) 2.2050(10) 2.2049(19) 2.2271(9) 
Pt(1)···N(1) 2.873 3.165 3.650 
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Fig 4.5 Crystal Structures of PtCl2{Ph2PN(Naphth)PPh2} 4.12, 
PtCl2{Ph2PCH2N(Naphth)PPh2} 3.19 and PtCl2{Ph2PCH2N(Naphth)CH2PPh2} 2.45 
(Only the ipso carbons of the phenyl rings are shown for clarity). 
 
As expected, for both the PtII and Cr0 complexes, there was an increase in P–M–P bite 
angle and M···N distance from PNP through PCNP to PCNCP. Clearly the explanation for 
this was the addition of a methylene linker, and therefore an extra atom, between each 
ligand type and hence the expansion of the chelate ring. 
 
Work published in the literature62 with tridentate PNP ligands coordinated to CrIII acting as 
catalysts for the trimerisation of ethylene have yielded excellent results. The ability of the 
N atom to interact with the transition metal centre seems to increase the selectivity towards 
C6 formation as opposed to its C8 analogues. Closer inspection of the crystallographic data 
for the Cr0 complexes 4.15, 3.37 and 2.65 indicates that there is no such interaction within 
any of the 4, 5 or 6-membered chelate rings. In the case of 4.15 and 3.37 this would result 
in a large amount of strain being placed on the ring structure and therefore is unfavourable. 
With respect to 2.65 it is feasible that there could be a Cr···N interaction due to the added 
flexibility of the methylene linkers between the N and P atoms as was observed by Johnson 
and coworkers23 with their trinuclear Ru complex. Further analysis of the molecular 
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structure, in particular the Cr···N distance, proves that this is not the case with this series of 
ligands in the solid state. The 4-membered chelate ring of 4.15 is not quite planar and an 
angle of 164.5º between the planes containing Cr(1)–P(1)–P(2) and P(1)–P(2)–N(1). 
Compound 2.65, similar to its PtII analogue 2.45, adopts a pseudo-chair conformation with 
Cr(1) 0.95 Ǻ above and N(1) 0.74 Ǻ below the plane P(1)–P(2)–C(6)–C(5). The complex 
3.37 sits in a twisted envelope conformation with both N(1) and C(5) above the plane 
containing Cr(1)–P(1)–P(2) by 0.45 Ǻ and 0.92 Ǻ respectively. There is an observed 
difference in the angle at which the naphthyl substituent sits with respect to the chelate 
rings of these three Cr0 complexes with a similar trend being seen for 4.15 and 2.65 as to 
their PtII derivatives 4.12 and 2.45. The torsion angle decreases from 77.7º (for 4.15) to 
55.7º (for 2.65) from the 4-membered to the 6- membered chelate rings, whereas the PCNP 
complex 3.37 on this occasion has a slightly greater torsion angle of 86.0º. Interestingly the 
naphthyl substituent/chelate ring torsion angle of the two molecules found in the unit cell of 
3.37 differs by 10º (from 81.0º to 91.1º). 
 
 
 
Fig 4.6 Crystal Structures of Cr(CO)4{Ph2PN(Naphth)PPh2} 4.15, 
Cr(CO)4{Ph2PCH2N(Naphth)PPh2} 3.37 and Cr(CO)4{Ph2PCH2N(Naphth)CH2PPh2} 2.65 
(Only the ipso carbons of the phenyl rings are shown for clarity). 
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Table 4.8 Selected bond lengths (in Ǻ) and angles (in º) for 4.15, 3.37 and 2.65. 
 
 
 4.15 3.37 2.65 
P(1)-Cr(1)-P(2) 68.787(11) 81.322(16) 87.144(14) 
Cr(1)-P(1) 2.3445(3) 2.3481(5) 2.2637(4) 
Cr(1)-P(2) 2.3447(3) 2.3420(5) 2.3567(4) 
Cr(1)···N(1) 3.009 3.320 3.957 
 
 
The binding mode observed for these ligands to PtII and Cr0 is very similar in nature to that 
which might be expected for CrIII compounds and hence the structural differences between 
them would potentially translate to their CrIII analogues. These previously discussed 
variations within the three ligand types may therefore be able to explain their behaviour, 
when coordinated to CrIII, in ethylene oligomerisation reactions (See Chapter 5). 
 
4.3 Conclusions 
 
A number of ligands with a PNP backbone have been successfully synthesised by a route 
previously documented in the literature.131 The presence of the two P donor moieties allows 
these ligands to P,P-chelate to both PtII and Cr0 metal centre and several of these 
diphosphine complexes have been characterised by X-ray crystallography. The 
crystallographic data collected for PNP, PCNP and PCNCP chelate compounds has 
provided a mode for comparison of the differing structural parameters and hence an insight 
into how their behaviour may vary when catalysing an ethylene oligomerisation reaction. 
The synthesis of the PCNH ‘half molecules’ 4.1 – 4.3 offers a potential means to the 
synthesis of nonsymmetric PNP ligands. 
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5.1 Screening of Ligands with a PCNCP Backbone 
 
A recent discovery by Bollmann et al.86 showed that simple changes in the structure of their 
ethylene trimerisation catalyst could result in the selectivity of the reaction being altered 
towards the formation of 1-octene (tetramerisation). With the important use of this α-olefin 
in the synthesis of linear low density polyethylene it became vital that the activity and 
selectivity of the tetramerisation catalyst was improved significantly in order to obtain the 
best process in this particular area. Thus far Ph2PN(iPr)PPh2 has proved to be the most 
successful catalyst under the reaction conditions utilised by Sasol Technology (Pty) Ltd 
giving selectivity towards C8 products of 68.3% (98.8% of which was 1-octene) with a 
productivity value of just over 270,000 g/g Cr/h.86 Efforts to improve these values have 
mainly been concentrated upon developing ligands with a PNP backbone60,64,86-88 but the 
involvement of Smith’s research group at Loughborough University widened the scope to 
include further ligand systems. The research performed to date by Smith and co-workers 
involved the synthesis and coordination chemistry of ditertiary phosphines and, although 
PNP ligands have been synthesised and studied,131 the vast amount of work has been 
focused upon compounds with a PCNCP backbone (Section 1.2 of Chapter 1).20,21,24-
27,90,122,123173 The collaboration was based upon the results obtained for the two P and N 
containing classes of ligands developed at Sasol Technology (Pty) Ltd in recent years: the 
PNP class of ligands without any spacer atoms between P and N that led to tetramerisation 
systems in the case of unsubstituted aromatic groups on the P atoms,86 and the 
P(CH2)2N(CH2)2P structure containing a C2 spacer between P and N that led to 
trimerisation systems.62 The PCNCP compounds synthesised by Smith et al. were therefore 
regarded as the next appropriate step in the evaluation of ligands, when bound to a CrIII 
centre, for their ability to catalyse ethylene oligomerisation reactions. 
 
The aim of this project was to synthesise ligands, with various P, C and N containing 
backbones, to be screened for the catalytic tetramerisation of ethylene. As discussed in 
Chapter 2 a number of PCNCP ligands have been synthesised and characterised with a 
large array of substituents attached to both the N and P atoms. A family of eight ligands 
(Figure 5.1) of this type, representative of the large group of compounds synthesised, were 
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sent to Sasol Technology (Pty) Ltd for evaluation, under standard conditions, of their 
catalytic ability within ethylene oligomerisation reactions (Table 5.1). All runs were 
conducted using Cr(acac)3 as the Cr source, cyclohexane as solvent and 480 eq. of MMAO-
3A. The pressure and temperature were set at 50 bar and 60 ºC respectively. 
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Figure 5.1 PCNCP ligands screened for the catalytic oligomerisation of ethylene. 
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Lig. Cr t activity activity Pol. C-6 
1-
hex. C-8 
1-
oct. 
1-
hex+1-
oct 
 μmol min g/g Cr g/g Cr/h % % % % % % 
           
2.1 5 30 15 500 31 000 14.2 28.8 67.5 33.7 94.3 51.2 
2.3 5 30 15 100 30 200 35.1 18.7 49.8 21.3 91.4 28.7 
2.6 5 30 115 400 230 800 35.1 15.2 41.7 15.0 92.4 20.1 
2.13 5 30 34 600 69 200 31.7 26.9 62.8 25.5 93.5 40.7 
2.19 10 15 3 400 n/a 55.9 22.8 96.9 11.6 85.7 32.1 
2.20 5 30 8 900 17 800 56.0 12.1 89.4 8.7 48.2 14.5 
2.21 5 30 8 670 17 340 60.1 13.9 87.3 10.2 53.6 17.6 
2.22 10 10 1 880 n/a 55.4 18.5 95.6 10.9 84.1 26.8 
2.29 5 30 62 400 124 800 63.3 6.6 72.8 2.4 98.2 7.2 
2.31 10 30 Solids only produced 
 
Table 5.1 Catalytic data for the evaluated PCNCP ligand. 
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Figure 5.2 Total product selectivities of PCNCP ligands. 
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Of the PCNCP ligands, 2.1, 2.3, 2.6, 2.13 and 2.19 – 2.22 all show some signs of 
tetramerisation behaviour, while 2.29 and 2.31, where the P atoms are included into an 
adamantane cage, show very low selectivity to C6 and C8 or, in the case of 2.31, form only 
solids which could be attributed to the large amount of steric hindrance around the P atoms 
and hence limiting the accessibility of the CrIII centre. Ligand 2.1 containing a Me-group 
displays the highest C8 selectivity (33.7%) and an overall α–selectivity of 51.2% (Figure 
5.2). With increased branching and steric bulk at the N-substituent the C6, C8 and also 1-
hexene selectivities decrease (ligands 2.3 and 2.6). For ligand 2.6 both C6 and C8 
selectivities are only about 15% but catalytic activity is good in comparison to its PCNCP 
analogues. Ligands 2.19 – 2.22 gave poor activities and high solids formation. Signs of 
selective tri- and tetramerisation were observed, but at these low activities, it was difficult 
to determine exact selectivities. Interestingly ligands 2.3 and 2.20, with Ph and Cy rings 
attached to the P atoms respectively and an N– iPr substituent, gave very different results in 
terms of α-selectivity. The phenyl derivative 2.3 was highly selective towards 1-octene but 
this was not the case for 1-hexene and exactly the opposite effect was observed for 2.20 and 
hence it was clear that simple changes to the substituents bound to the P and N atoms have 
a significant effect on the behaviour of the CrIII catalyst. For the first time, PCNCP ligands 
have been tested for ethylene oligomerisation. Interestingly, these are neither efficient tri- 
nor tetramerisation ligands, but give on average roughly equal amounts of C6 and C8. A 
trend of spacer configuration versus selectivity therefore seems to emerge (Table 5.2). 
However, although these ligands show some selectivity towards C6 and C8, even the best 
one of this series gave an overall α–selectivity of only 51%. At present they do not appear 
to compete economically with Sasol’s current PNP tri- and tetramerisation systems. 
 
Ligand type Selectivity 
PNP Tetramerisation86 
PCNCP Tri.:Tetra.  ~1:1 
PC2NC2P Trimerisation62
 
Table 5.2 Ligand selectivity in ethylene oligomerisation reactions. 
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5.1.1 Comparison of ‘Hinge’ Angles in PtCl2{R'PCH2N(R)CH2PR'} Complexes: 
Catalytic Significance 
 
There are numerous examples in the literature of small alterations in the steric bulk around 
a metal centre having a large effect on the activity and selectivity of a given catalyst.1,63 
Dossett et al. found that increasing the steric bulk in the R1-4 positions on the phenyl rings 
from a H atom up to an iPr group not only gave a more active catalyst, for the 
copymerisation of CO and C2H4 (Eqn. 1.1), but also enhanced the isolated yield.1 Ethylene 
oligomerisation reactions were also found to be influenced by subtle changes in the steric 
bulk of the catalyst.63 Blann and co-workers observed an increase in selectivity towards 1-
hexene when replacing the Me substituents with iPr groups along with a twofold increase in 
activity. In both cases the increase in steric bulk in the ortho positions of the phenyl rings 
had an effect on the performance of the catalyst and, in all likelihood, also caused a change 
in the structure of the Cr chelate complex. 
 
N
P P
R5
R2 R3
R4R1
1.19
P P
R2 R3
R4R1
5.1  
 
Following the screening of these PCNCP ligands for catalytic ability in ethylene 
oligomerisation reactions, with the exception of 2.35 which is included in this comparison 
for completeness, the X-ray data (Figure 5.4) of the respective PtII complexes 2.32, 2.34, 
2.35, 2.37 and 2.58 were analysed to observe the variation in ‘hinge’ angles with respect to 
the R and R' substituents. These differences could possibly offer insight into the variations 
in catalytic behaviour of the coordinated ligands on Cr in ethylene tetramerisation 
reactions. It is plausible that changing substituents on P(1)/P(2) and N(1) would influence 
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the six-membered ring conformation (extreme limits being “chair” or “boat-like” 
geometries). It is clear that caution must be taken when reasoning that structural variations 
account for catalytic diversities as these complexes may behave differently in solution to 
that in the solid state. Furthermore electronic effects on the P and N atoms must also be 
carefully considered. 
Cl(1) Pt(1)
Cl(2)
P
P
N R
R'
R'
R' R'
θ1
θ2
 
Figure 5.3 A representation of the six-membered chelate ring formed by PtII PCNCP 
complexes and the ‘hinge’ angles measured. 
 
The two ‘hinge’ angles (Table 5.3) were measured between the planes formed by Pt(1)-
P(1)-P(2) and P(1)-P(2)-C(1)-C(2) [or P(1)-P(2)-C(11)-C(15)], θ1, and P(1)-P(2)-C(1)-C(2) 
[or P(1)-P(2)-C(11)-C(15)] and C(1)-C(2)-N(1) [or C(11)-C(15)-N(1)], θ2 (Figure 5.3). 
Expectation suggested that θ1 would be more affected by the R' substituent attached to the 
P atoms whereas the R group bound to the N atom would have the greatest effect, if any, 
upon θ2. 
 
   R R' θ1 θ2 
2.32 Me Ph 160.0 115.3 
2.34 iPr Ph 155.8 111.2 
2.35 tBu Ph 175.9 101.0 
2.37 Ph Ph 164.4 110.5 
2.58 iPr Ad 167.4 104.9 
 
Table 5.3 Hinge angles for the complexes 2.32, 2.34, 2.35, 2.37 and 2.58 (in º). 
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Figure 5.4 Crystal structures of a) PtCl2{Ph2PCH2N(Me)CH2PPh2} 2.32, b) PtCl2{Ph2PCH2N(iPr)CH2PPh2} 2.34, 
c) PtCl2{Ph2PCH2N(tBu)CH2PPh2} 2.35, d) PtCl2{Ph2PCH2N(Ph)CH2PPh2} 2.37 and e) PtCl2{AdPCH2N(iPr)CH2PAd} 2.58. 
(Only the ipso C atoms of the phenyl rings and adamantane cages are shown for clarity). 
a) b) c) 
d) e) 
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When qualitatively analysing the ‘hinge’ angles within these Pt-P-C-N-C-P chelate rings 
the effects of the R and R' substituents can be separated. A simple trend arose for θ2 with an 
increase in steric bulk from Me to iPr (or Ph) to tBu giving a decrease in ‘hinge’ angle from 
115.3 – 101.0º indicating that the N atom was being displaced further above the P(1)-P(2)-
C(1)-C(2) [or P(1)-P(1A)-C(1)-C(1A)] plane. Upon changing the R' group from phenyl 
(2.32) to the adamantane cage (2.58), with the R substituent remaining constant (iPr), the θ2 
value also decreases due to the greater bulk of the adamantane cage as seen with a tBu at 
the R position. The substituent attached to the N atom also has an effect upon θ1 with an 
increase in steric bulk from Me to Ph to tBu forcing the angle to closer to 180º due to the 
steric repulsion between the R and R' groups. When the bulky adamantane cage was placed 
at the R' position (2.58) a similar effect was observed where the Pt atom is close to sitting 
in the P(1)-P(2)-C(1)-C(2) [or P(1)-P(1A)-C(1)-C(1A)] plane.  
 
When attempting to attribute these structural variations in the PtII complexes as possible 
explanations for differences in catalytic ability of CrIII coordinated ligands, a trend, in terms 
of θ2, seemed to appear. An increase in this hinge angle from 104.9º (for 2.58) to 115.3º 
(for 2.32) accounted for a rise in both C6 and C8 reaction product of which a larger 
proportion were the α-olefins. The activity of these catalysts appears more reliant on the 
electronic properties of the R substituent as opposed to these ‘hinge’ angles as an aromatic 
group attached to the N atom (2.6) provides a much more active catalyst than those with 
Me (2.1) or iPr (2.3) groups. Interestingly even though ligand 2.29, incorporating the 
adamantane cages, performed poorly in the reaction with regards to olefin oligomerisation 
it was almost four times as active as ligand 2.3 that had Ph groups attached to the P atoms. 
 
5.2 Screening of Ligands with a PCNP Backbone 
 
Although the CrIII complexes of ligands with a PCNCP backbone were found to be active 
within ethylene oligomerisation reactions they were unable to compete, in terms of both 
selectivity and activity, with Sasol’s current tetramerisation catalysts. The observed trend 
between spacer configuration and selectivity towards C6 and C8 olefins (Table 5.2) 
suggested that the P-N moiety within the ligands was key for good ethylene conversion to 
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1-octene. For this reason a set of newly synthesised ligands of the general formula 
R'PCH2N(R)PR'' (Figure 5.5) were tested under standard tetramerisation conditions (stated 
in Section 5.1). 
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Figure 5.5 PCNP ligands screened for the catalytic oligomerisation of ethylene. 
 
All seven of the PCNP ligands evaluated were shown to be active, when coordinated to a 
CrIII centre, within catalytic ethylene oligomerisations and the compounds were split into 
two distinct groups when it came to their performance.  Irrespective of the N substituent, 
ligands with Ph groups attached to both P atoms 3.8 – 3.11 gave a 1:1 ratio of C6 and C8 
reaction products (Figure 5.6) with the selectivity towards 1-octene at ~99% and above 
90% in the case of 1-hexene. The activity levels were very high for these four compounds 
with 3.9 and 3.11 similar to Sasol’s current systems suggesting that this type of PCNP 
ligand has serious potential for this transformation. The data for the compounds with iPr 
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(3.12 and 3.13) and Cy (3.15) groups attached to the N–bound P atom were in stark contrast 
to their Ph analogues, 3.8 – 3.11, with the formation of hexene favoured over it’s C8 
counterpart. As much as 82.1% (for 3.12) of the reaction products was C6 compounds and 
with α-olefins selectivities above 99% in all cases it can be concluded that the majority was 
1-hexene. Unfortunately these compounds, 3.12, 3.13 and 3.15, were much less active than 
the current trimerisation systems but the possibility to further modify these ligands could 
add to their C6 selectivity and potential increase their catalytic activity. There are endless 
possibilities to tune these PCNP ligands by altering the N and P substituents and these 
results indicate that seemingly small changes have a profound effect on both activity and 
selectivity of a particular catalyst. The obvious next step would be to replace the current 
naphthyl substituents attached to the N atom with an alkyl group (e.g. iPr) to coincide with 
compounds that have previously been successful in this type of catalysis.86,87 A second 
route to assess would be further alteration of groups bound to the P atoms in order to 
increase the catalytic activity of PCNP ligands in ethylene trimerisation reactions. Once 
more an iPr substituent attached to the N atom of this type of compound could also increase 
selectivity towards 1-hexene to a competitive level and perhaps enhance the catalytic 
activity. The potential to further increase the activity of these PCNP catalysts and increase 
selectivity towards either 1-hexene or 1-octene is a significant driver towards the 
continuation of this project. 
 
Lig. Cr t activity activity Pol. C-6 
1-
hex. C-8 
1-
oct. 
1-
hex+1-
oct 
 μmol min g/g Cr g/g Cr/h % % % % % % 
           
3.8 5 9 264 400 1 772 300 1.0 50.5 92.8 42.5 99.4 89.0 
3.9a 2.5 20 1 032 300 3 125 200 0.3 44.7 90.9 45.2 99.4 85.5 
3.10a 2.5 20 988 800 2 696 700 0.3 45.0 91.1 44.8 99.4 85.6 
3.11a 2.5 20 1 006 300 3 041 800 0.4 44.0 91.8 42.8 98.9 82.6 
3.12 5 20 216 200 648 700 5.9 82.1 99.1 8.3 99.0 89.6 
3.13a 2.5 67 734 736 657 973 14.3 71.1 99.0 9.3 99.3 79.6 
3.15 5 20 209 300 628 000 5.1 81.2 99.2 8.9 99.2 89.3 
a 960 eq. MMAO; 450 ml reactor. 
Table 5.4 Catalytic data for ligands 3.8 – 3.13 and 3.15. 
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Figure 5.6 Total product selectivities of PCNP ligands. 
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Figure 5.7 ‘Half-molecules’ screened for the catalytic oligomerisation of ethylene. 
 
Due to the sensitive nature of the procedure utilised to synthesise ligands with a PCNP 
backbone [the compounds tested were found to contain varying levels of the appropriate 
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Ph2PCH2N(R) starting material (<20%)] it was necessary to evaluate these ‘half-molecules’ 
(Figure 5.7) for their ability within catalytic ethylene oligomerisation reactions. It appeared 
from the data obtained that the ligands 3.3 – 3.6 gave very little solid product and that they 
were also selective towards both 1-hexene and 1-octene formation. However the catalytic 
activities of these compounds were so low that they would have very little effect upon the 
results presented thus far for PCNP ligands. Clearly the synthesis of a 100% pure ligand 
would be the ideal manner to corroborate this assumption. 
 
Thus far the highly sensitive nature of ethylene oligomerisation reactions has been 
discussed with regards to altering the substituents bound to the N and P atoms of the 
diphosphine ligands but it was also thought that small changes to the reaction conditions 
would also have an effect. In order to investigate these influences an optimisation study, 
using ligand Ph2PCH2N(Naphth)PPh2, 3.8, was undertaken involving the alteration of a 
number of variables including pressure and the amount of Cr precursor, ligand and 
activator concentrations. Although the C6 and C8 selectivity shifted towards 1-octene 
formation when the reaction pressure (Figure 5.8) was increased from 30 – 80 bar (at 60 
ºC), the α-olefin selectivity seemed unaffected. The major reaction product at 30 bar was 
hexene (46%), but this slowly shifted towards octene (53%) when the pressure was raised 
to 80 bar. As seen with the selectivity values the change in pressure had only a small effect 
on the activity of the catalyst with the optimum found at 50 bar. 
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Figure 5.8 Total product selectivities during optimization of Cr concentration and pressure. 
 
Unsurprisingly reducing the concentration of Cr in the reaction mixture from 5 μmol to 2.5 
μmol halved the activity of the catalyst but the selectivity (Figure 5.8) of the reaction 
changed in favour of octene with an increase in C8 fraction from 41 – 50%. An increase in 
the number of equivalents of MMAO from 480 – 960 eq almost doubled the activity of the 
catalyst, but had little effect upon the selectivity towards octane, which essentially 
remained constant. There was however an increase in C6 fraction of 37 – 42% and as a 
consequence to this there was also a favourbale threefold decrease in the % solids produced 
from 10 – 3%. Altering the number of equivalents of ligand from 0.5 to 1 to 2 eq had a 
minimal effect on selectivity with changes of 1% for octene and 2% for hexene. 
Interestingly with an increase from 0.5 – 2 eq of ligand there was however a significant rise 
in activity of the catalyst from 2,003,952 – 3,363,890 g/g Cr/h. 
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5.3 Conclusions 
 
A number of reliable, one-pot reactions have enabled the preparation of a wide variety of 
novel bidentate (and potentially monodentate) ligands bearing a combination of P, N and C 
atoms across the backbone. The coordination capabilities of these phosphines have been 
explored with a variety of transition metal centres including PtII, PdII, RuII, IrIII, AuI and Cr0 
confirming the versatility of this group of compounds when acting as bi- and monodentate 
ligands as well as the ability to bridge two metal centres. A number of the diphosphines 
prepared have also been tested for their catalytic activity and selectivity within ethylene 
oligomerisation reactions following coordination to a CrIII centre. 
 
Reaction of a substituted hydroxymethylphosphine (R'2PCH2OH) with a primary amine in 
methanol gave the diphosphine ligands R'2PCH2N(R)CH2PR'2 including a PCNCP 
backbone. The steric and electronic properties of these ligands were tuned by the simple 
interchanging of the R/R' substituents attached to the P and N atoms. These compounds 
have been fully characterised by spectroscopic and analytical methods and reacted with 
transition metal precursors of the type MCl2(COD) (M = Pd/Pt) to yield complexes 
incorporating six-membered chelate rings. In addition to the aforementioned symmetric 
PCNCP ligands, the new non-symmetric ditertiary compounds Ph2PCH2N(R)CH2PAd 
(2.74: R = Ph; 2.75: R = p-CH3C6H4) were prepared using a three-step sequence of 
condensation reactions.24 The treatment of AdPH (AdPH = 1,3,5,7-tetramethyl-2,4,8-
trioxa-6-phosphaadamantane) with (CH2O)n at 110 ºC gave the adamantane containing 
hydroxymethylphosphine 2.27 which, upon condensation with the appropriate primary 
amine, gave the secondary aminophosphines AdPCH2N(H)R (2.68: R = Ph; 2.69: R = p-
CH3C6H4). Further condensation of 2.68/2.69 with Ph2PCH2OH gave the non-symmetric 
2.74/2.75 in high yields. Bridge cleavage of the dimers {RuCl2(p-cym)}2 and {IrCl2(Cp*)}2 
with 2.74 gave the monodentate complexes 2.87 and 2.88 respectively in which the PAd 
group was noncoordinating. Further reaction of 2.87 or 2.88 with AuCl(tht) yielded the 
subsequent dinuclear complexes 2.89 and 2.90 where the non-symmetric diphosphine 
bridges the two metal centres. The structures of 2.82, 2.83 and 2.87 – 2.90 have been 
clarified by single-crystal X-ray crystallography and represent the first examples of 
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crystallographically characterised nonsymmetric ditertiary phosphine complexes bearing 
one phospha-adamantane moiety. 
 
Novel ligands incorporating a PCNP backbone were synthesised via a single condensation 
reaction between Ph2PCH2OH and a primary amine to give the secondary aminophosphines 
Ph2PCH2N(H)R 3.1 – 3.7. Deprotonation of the secondary amine with LDA followed by 
addition of neat R'2PCl resulted in the formation of the ligands Ph2PCH2N(R)PR'2 3.8 – 
3.15. Purification of these ligands was required and undertaken by addition of diethyl ether 
or hexane to the crude reaction product and filtration under nitrogen. This group of 
compounds was characterised utilising similar techniques to their PCNCP analogues with 
their coordinative capabilities also assessed. The ligands are non-symmetric in nature thus 
suggesting that the electronic properties of the P donor atoms are different and 
interchanging of substituents bound to the P atoms further altered these properties. Due to 
the highly sensitive nature of the procedure used to prepare the PCNP ligands it was 
thought that an alternative route via a ‘template’ reaction required some investigation. The 
method involved coordination of two monodentate phosphorus(III) ligands that upon 
binding to a transition metal would bring them in to close proximity with each other and 
would hence promote their reactivities. The resulting complex could be treated with KCN 
and the desired ligand displaced from the metal centre. To assess the suitability of this 
particular synthetic route the preparation of PtII PCOP complexes 3.44 – 3.46, with an 
appropriate chlorophosphine and AdPCH2OH, was effectively undertaken. The successful 
synthesis of the PtII PCNP complex 3.30 via this method proved that this was also a 
potential route to the free PCNP ligand but the development of suitable purification method 
and the unfavourable use of KCN for ligand displacement suggested that our direct 
synthetic procedure was the more suitable process. 
 
The catalytic properties of a select group of various diphosphines prepared, when 
coordinated to a CrIII precursor, were analysed at Sasol Technology (Pty) Ltd under their 
standard conditions for ethylene oligomerisation reactions. Initial results established that 
ligands containing a PCNCP backbone were effective as catalysts with exception to those 
incorporating phospha-adamantane cages. Interestingly these were neither pure tri- nor 
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tetramerisation ligands but give on average roughly equal amounts of C6 and C8 with 
ligands including Cy groups attached to the P atoms slightly favouring the formation of 
hexene. Subsequent data obtained for compounds with a PCNP backbone proved to be 
more successful with catalytic activity for Ph2PCH2N(Naphth)PPh2 3.8 reaching a similar 
level to Sasol’s current PNP tetramerisation systems.86 The compounds with Ph 
substituents bound to both P atoms once again gave a 1:1 ratio of C6 and C8, whereas 
placing Cy or iPr groups on the N-P atom gave a large shift towards hexene as the major 
reaction product (up to 82%). Small variations in pressure and Cr, ligand and activator 
concentrations during an optimisation study gave changes in both catalytic activity and 
selectivity. As expected decreasing the level Cr reduced the activity of the catalyst and also 
affected the reaction selectivity, as was the case for similar levels of alteration of the 
pressure. It was clear from the diphosphines evaluated and optimisation study undertaken 
that subtle changes to the ligand or reaction conditions have a dramatic effect on the 
selectivity and activity of the catalyst. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 162
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 6 
 
EXPERIMENTAL 
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6.1 General Experimental Conditions 
 
Unless otherwise stated, all reactions were performed in air. Standard Schlenk techniques 
were used for experiments carried out under an oxygen-free nitrogen atmosphere. All 
solvents were purchased from Aldrich, Fisher and Lancaster. Dichloromethane was 
distilled from CaH2 under nitrogen and THF, diethyl ether and toluene from 
sodium/benzophenone. Freeze thawed solutions were degassed three times through a 
freeze-pump-thaw cycle. The transition metal precursors, PtCl2(COD),174 PdCl2(COD),175 
AuCl(tht),176 [RuCl2(p-cymene)]2,177 [IrCl2(Cp*)]2,178 Cr(CO)4(nbd)179 and {Pd(κ2-C,N-
C16H16N)Br}2124 were prepared according to literature methods. The Ph2PCH2OH used 
within some of these reactions was readily preformed from equimolar amounts of Ph2PH 
and (CH2O)n.19 
 
All NMR spectra were recorded in CDCl3 unless otherwise stated. 1H NMR spectra (400 
MHz) on a Bruker DPX-400 MHz spectrometer with chemical shifts in ppm relative to 
SiMe4. 31P{1H} NMR spectra on a Bruker DPX-400 MHz spectrometer operating at 
161.9755 MHz for phosphorus with chemical shifts in ppm relative to 85% H3PO4. Infrared 
spectra were recorded as KBr disks in the range 4000 – 200  cm–1 on a Perkin-Elmer 
System 2000 Fourier transform spectrometer. Elemental analyses (Perkin-Elmer 2400 CHN 
elemental analyser or Exeter Analytical Inc. C-440 elemental analyser) were carried out by 
the Loughborugh University Analytical Service within the Department of Chemistry. FAB, 
EI and ESI spectra were recorded by either the Loughborough University Service within 
this Department or the Swansea Mass Spectrometry Service. Due to the impure nature of a 
number of the ligands and transition metal complexes, it was difficult to acquire successful 
elemental analyses, therefore FAB MS was utilised to further confirm the synthesis of these 
compounds. 
 
X-ray crystallographic data was collected using a Bruker AXS SMART 1000 CCD area-
detector diffractometer180 using sealed-tube graphite-monochromated Mo-Kα radiation and 
narrow frame exposures (0.3˚) in ω (2.29, 2.31, 2.32, 2.34 – 2.37, 2.45, 2.50, 2.51, 2.58, 
2.67, 2.68, 2.80, 2.82, 2.83, 2.89, 3.33, 3.44, 4.8 and 4.10), a Bruker-Nonius 95 mm CCD 
 164
kappa diffractometer181,182 (2.49, 2.56, 2.64, 2.87, 2.88, 2.90, 3.34 and 3.39) or a Bruker 
APEX 2 CCD diffractometer183 using narrow frames exposures in ω (2.6, 2.43, 2.46, 2.63, 
2.65, 2.66, 3.6, 3.18, 3.19, 3.23, 3.25, 3.29, 3.37, 4.12 and 4.15). Cell parameters were 
refined from the observed (ω) angles of all strong reflections in each data set. Intensities 
were corrected semiempirically for absorption, based on symmetry-equivalent and repeated 
reflections. All structures were solved by direct methods (2.29, 2.31, 2.37, 2.43, 2.58, 2.63 
– 2.68, 2.80, 2.87, 2.88, 3.6, 3.34 and 3.40) or Patterson synthesis (2.6, 2.32, 2.34 – 2.36, 
2.45, 2.46, 2.49 – 2.51, 2.56, 2.82, 2.83, 2.89, 2.90, 3.18, 3.19, 3.23, 3.25, 3.29, 3.33, 3.37, 
3.44, 4.8, 4.10, 4.12 and 4.15) and refined on F2 values for all unique data by full-matrix 
least-squares.184 H atoms were omitted from molecular structures for clarity. 
 
6.2 Chapter 2 
 
Ph2PCH2N(Me)CH2PPh2 2.1. 2.1 was synthesised using a literature procedure.19 Under 
nitrogen, a solution of methylamine (0.118 cm3 of a 2.0 M solution in THF) in methanol 
(40 cm3) was freeze thawed and added to a round bottom Schlenk containing Ph2PCH2OH 
(1.275 g, 4.72 mmol). The solution was refluxed, under nitrogen, at 70-80 ºC for 40 h. The 
mixture was allowed to cool to room temperature and the solvent evaporated to dryness 
under reduced pressure to give a yellow oil. Yield 0.721 g, 72%. 1H NMR data: δ 7.7 – 7.1 
(m, arom. H), 3.3 (d, J = 3.6 Hz, CH2), 2.5 ppm (CH3). FAB MS: m/z 426 [M – H]+. 
 
Ph2PCH2N(Et)CH2PPh2 2.2. Ethylamine (0.051 g, 1.13 mmol) and Ph2PCH2OH (0.556 g, 
2.26 mmol) in methanol (10 cm3). The solution was stirred, under nitrogen, for 40 h, 
followed by concentration of the solution to approximately 5 cm3 under reduced pressure. 
The white solid was filtered and dried in vacuo. Yield 0.379 g, 63%. 1H NMR data: δ 8.1 – 
7.1 (m, arom. H), 3.5 (m, CH2), 3.0 – 2.7 (q, CH2), 1.2 – 0.8 ppm (t, CH3). FAB MS: m/z 
440 [M – H]+. 
 
The ligands 2.3 – 2.16 were prepared in a similar manner to 2.1. 
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Ph2PCH2N(iPr)CH2PPh2 2.3. Isopropylamine (0.121 g, 2.05 mmol) and Ph2PCH2OH 
(1.000 g, 4.02 mmol) in methanol (10 cm3). The solution was refluxed for 20 h. Yield 0.654 
g, 71%. 1H NMR data: δ 7.6 – 7.2 (m, arom. H), 3.6 (m, CH), 3.5 (d, J = 3.6 Hz, CH2), 0.9 
ppm (d, J = 6.6 Hz, CH3). FAB MS: m/z 454 [M – H]+. 
 
Ph2PCH2N(tBu)CH2PPh2 2.4. t-butylamine (0.147 g, 2.01 mmol) and Ph2PCH2OH (1.053 
g, 4.24 mmol) in methanol (20 cm3). The solution was refluxed for 70 h. 1H NMR data: δ 
7.9 – 7.1 (m, arom. H), 3.8 (s, CH2), 0.9 ppm (s, CH3). The 31P NMR spectrum showed a 
number of phosphorus(III) resonances with the desired product being approximately 60% 
pure. FAB MS: m/z 468 [M – H]+. 
 
Ph2PCH2N(Cy)CH2PPh2 2.5. Cyclohexylamine (0.103 g, 1.04 mmol) and Ph2PCH2OH 
(0.534 g, 2.07 mmol) in methanol (20 cm3). The solution was refluxed for 15 h and then 
concentrated to approximately 5 cm3 under reduced pressure and the white precipitate 
filtered and dried in vacuo. Yield 0.398 g, 77%. 1H NMR data: δ 7.6 – 7.2 (m, arom. H), 
3.6 (d, J = 3.6, CH2), 1.7 – 0.9 ppm (m, Cy H). Found C, 77.19; H, 6.93; N, 2.86. 
C32H35NP2 requires C, 77.56; H, 7.12; N, 2.83%. 
 
Ph2PCH2N(Ph)CH2PPh2 2.6. Aniline (0.208 g, 2.23 mmol) and Ph2PCH2OH (1.180 g, 
4.53 mmol) in methanol (10 cm3). The solution was refluxed for 20 followed by cooling to 
room temperature and the white solid filtered and dried in vacuo. Yield 1.001 g, 92%. 1H 
NMR data: δ 7.4 – 6.6 (m, arom. H), 3.9 ppm (d, J = 4.4, CH2). Found C, 78.28; H, 6.07; N, 
2.57. C32H29NP2 requires C, 78.51; H, 5.97; N, 2.86%. FAB MS: m/z 489 [M]+. 
 
Ph2PCH2N(2,6-Me2C6H3)CH2PPh2 2.7. 2,6-dimethylaniline (0.190 g, 1.57 mmol) and 
Ph2PCH2OH (0.746 g, 3.14 mmol) in methanol (20 cm3). The solution was refluxed for 60 
h and the white solid filtered and dried in vacuo. Yield 0.687 g, 85%. 1H NMR data: δ 7.3 – 
6.7 (m, arom. H), 4.1 (d, J = 4.0, CH2), 1.9 ppm (s, CH3). Found C, 76.01; H, 6.32; N, 2.61. 
C34H33NP2·CH3OH requires C, 76.48; H, 6.78; N, 2.55%. 
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Ph2PCH2N(3,5-Me2C6H3)CH2PPh2 2.8. 3,5-dimethylaniline (0.225 g, 1.86 mmol) and 
Ph2PCH2OH (0.882 g, 3.71 mmol) in methanol (20 cm3). The solution was refluxed for 15 
h and the white solid filtered and dried in vacuo. Yield 0.636 g, 66%. 1H NMR data: δ 7.4 – 
7.1 (m, arom. H), 6.3 – 6.1 (m, arom. H), 3.9 (d, J = 4.0 Hz, CH2), 2.1 ppm (CH3). FAB 
MS: m/z 516 [M – H]+. 
 
Ph2PCH2N(2,4,6-Me3C6H2)CH2PPh2 2.9. 2,4,6-trimethylaniline (0.139 g, 1.03 mmol) and 
Ph2PCH2OH (0.528 g, 2.05 mmol) in methanol (10 cm3). The solution was refluxed for 20 
h and then concentrated to approximately 5 cm3 under reduced pressure and the white solid 
filtered and dried in vacuo. Yield 0.448 g, 84%. 1H NMR data: δ 7.5 – 7.1 (m, arom. H), 
4.0 (d, J = 4.0 Hz, CH2), 2.1 (s, p-CH3), 1.9 ppm (s, o-CH3). Found C, 78.84; H, 6.41; N, 
2.80. C35H35NP2·0.5CH3OH requires C, 78.86; H, 6.81; N, 2.56%. 
 
Ph2PCH2N(2,6-iPr2C6H3)CH2PPh2 2.10. 2,6-diisopropylaniline (0.243 g, 1.37 mmol) and 
Ph2PCH2OH (0.651 g, 2.74 mmol) in methanol (20 cm3). The solution was refluxed for 20 
h and then concentrated to approximately 5 cm3 under reduced pressure and the white solid 
filtered and dried in vacuo. Yield 0.419 g, 53%. 1H NMR data: δ 7.6 – 7.0 (m, arom. H), 
4.1 (d, J = 2.4 Hz, CH2), 3.3 (m, CH) 1.0 ppm (d, J = 6.8 Hz, CH3). FAB MS: m/z 572 [M 
– H]+. 
 
Ph2PCH2N{3,5-(CF3)2C6H3}CH2PPh2 2.11. 3,5-trifluoromethylaniline (0.497 g, 2.17 
mmol) and Ph2PCH2OH (1.009 g, 4.34 mmol) in methanol (20 cm3). The solution was 
refluxed for 140 h. 1H NMR data: δ 7.8 – 6.8 (m, arom. H), 4.0 ppm (d, J = 4.4 Hz, CH2). 
FAB MS: m/z 624 [M – H]+. 
 
Ph2PCH2N[CH2-2,4-(MeO)2C6H3]CH2PPh2 2.12. 2,4-dimethoxybenzylamine (0.346 g, 
2.13 mmol) and Ph2PCH2OH (0.992 g, 4.27 mmol) in methanol (30 cm3). The solution was 
stirred at room temperature for 50 h. Yield 1.137 g, 95%. 1H NMR data: δ 7.3 – 7.1 (m, 
arom. H), 6.9 (d, J = 8.4 Hz, arom. H), 6.4 – 6.2 (m, arom. H), 3.9 (s, CH2), 3.7 (s, CH2), 
3.4 ppm (s, CH3). FAB MS: m/z 562 [M – H]+. 
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Ph2PCH2N(CH2C10H7)CH2PPh2 2.13. 1-naphthalenemethylamine (0.340 g, 2.16 mmol) 
and Ph2PCH2OH (1.046 g, 4.02 mmol) in methanol (10 cm3). The mixture was stirred at 
room temperature for 20 h and the white precipitate filtered and dried in vacuo. Yield 1.046 
g, 87%. 1H NMR data: δ 8.1 – 7.0 (m, arom. H), 4.4 (s, CH2), 3.6 ppm (d, J = 2.8 Hz, CH2).  
Found C, 80.39; H, 5.66; N, 1.93. C37H33NP2 requires C, 80.27; H, 6.01; N, 2.53%. 
 
Ph2PCH2N(Naphth)CH2PPh2 2.14. 1-aminonaphthalene (0.186 g, 1.30 mmol) and 
Ph2PCH2OH (0.584 g, 2.59 mmol) in methanol (10 cm3). The solution was refluxed for 65 
h. The solution was concentrated to approximately 5 cm3 under reduced pressure and the 
white solid filtered and dried in vacuo. Yield 0.600 g, 86%. 1H NMR data: δ 7.9 – 7.0 (m, 
arom. H), 4.3 ppm (d, J = 2.4 Hz, CH2). Found C, 77.58; H, 5.93; N, 2.32. 
C36H31NP2·CH3OH requires C, 77.74; H, 6.17; N, 2.45%. 
 
Ph2PCH2N(Quin)CH2PPh2 2.15. 5-aminoquinoline (0.168 g, 1.17 mmol) and Ph2PCH2OH 
(0.524 g, 2.33 mmol) in methanol (10 cm3). The solution was refluxed for 110 h and the 
off-white solid filtered and dried in vacuo. Yield 0.316 g, 50%. 1H NMR data: δ 8.8 – 7.0 
(m, arom. H), 4.2 ppm (d, J = 2.8 Hz, CH2). Found C, 77.69; H, 5.69; N, 5.31. C35H30N2P2 
requires C, 77.76; H, 5.59; N, 5.18%. 
 
Ph2PCH2N(2-fluor)CH2PPh2 2.16. 2-aminofluorene (0.187 g, 1.03 mmol) and 
Ph2PCH2OH (0.497 g, 1.91 mmol) in methanol (20 cm3). The solution was refluxed for 20 
h and the white solid filtered and dried in vacuo. Yield 0.542 g, 91%. 1H NMR data: δ 7.6 – 
6.8 (m, arom. H), 4.0 (d, J = 4.4 Hz, CH2), 3.7 ppm (s, fluor. CH2). Found C, 80.84; H, 
5.57; N, 2.53. C29H33NP2 requires C, 81.09; H, 5.76; N, 2.42%. 
 
Cy2PCH2OH 2.17. Under nitrogen, Cy2PH (4.737 g, 0.732 mmol) and (CH2O)n were 
heated at 110 ºC for 45 min to give a colourless oil. The oil crystallised on cooling in a 
freezer and the colourless solid used unpurified in subsequent reactions. Yield 5.012 g, 
95%. 1H NMR data: δ 4.0 (d, J = 4.4 Hz, CH2), 1.8 – 1.0 ppm (m, Cy H). 
 
Compound 2.18 was prepared in a similar manner. 
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Norb2PCH2OH 2.18. Norb2PH (4.297 g, 18.7 mmol) and (CH2O)n (0.592 g, 18.7 mmol). 
Yield 4.356 g, 92%. 1H NMR data: δ 4.0 – 3.8 (m, CH2), 2.3 – 1.0 ppm (m, Norb H). 
 
Cy2PCH2N(Me)CH2PCy2 2.19. Under nitrogen, a solution of methylamine (1.45 cm3 of a 
1.3 M solution in THF) in freeze thawed methanol (50 cm3) was cannulated into a round 
bottom Schlenk, containing Cy2PCH2OH (1.143 g, 3.76 mmol). The solution was stirred for 
17 h and then concentrated under reduced pressure to approximately 20 cm3. The resulting 
white solid was filtered and dried in vacuo. Yield 0.651 g, 77%. 1H NMR data: δ 2.6 (s, 
CH2), 2.3 (s, CH3), 1.8 – 1.1 ppm (m, Cy H). Found 71.56; H, 11.14; N, 3.15. C27H51NP2 
requires C, 71.80; H, 11.38; N, 3.10%. 
 
Ligands 2.20 and 2.21 were prepared in a similar manner. 
 
Cy2PCH2N(iPr)CH2PCy2 2.20. Isopropylamine (0.115 g, 1.95 mmol) and Cy2PCH2OH 
(1.106 g, 3.88 mmol) in methanol (50 cm3). Yield 0.700 g, 75%. 1H NMR data: δ 3.7 (s, 
CH), 2.7 (s, CH2), 1.9 – 1.1 (m, Cy H), 0.9 ppm (d, J = 6.0 Hz, CH3). Found C, 72.32; H, 
11.50; N, 2.99. C29H55NP2 requires C, 72.61; H, 11.56; N, 2.92%. 
 
Cy2PCH2N(Cy)CH2PCy2 2.21. Cyclohexylamine (0.201 g, 2.03 mmol) and Cy2PCH2OH 
(1.154 g, 4.04 mmol) in methanol (50 cm3). Yield 0.771 g, 73%. 1H NMR data: δ 2.8 (s, 
CH2), 2.0 – 1.0 ppm (m, Cy H). Found C, 73.74; H, 11.44; N, 2.65. C32H59NP2 requires C, 
73.95; H, 11.44; N, 2.69%. 
 
Cy2PCH2N(Ph)CH2PCy2 2.22. Under nitrogen, a solution of aniline (0.162 g, 1.74 mmol) 
in methanol (50 cm3) was freeze thawed and added to a round bottom Schlenk, containing 
Cy2PCH2OH (0.994 g, 3.48 mmol). The solution was stirred, at room temperature, for 24 h 
and then refluxed at 70–80 ºC for 17 h. On cooling, the solution was concentrated under 
reduced pressure to approximately 20 cm3 and the resultant white solid filtered and dried in 
vacuo. Yield 0.713 g, 80%. 1H NMR data: δ 7.2 – 6.6 (m, arom. H), 3.7 (d, J = 1.6 Hz, 
CH2), 1.7 – 1.0 ppm (m, Cy H). Found C, 74.21; H, 10.24; N, 2.75. C32H53NP2·0.25CH3OH 
requires C, 74.24; H, 10.43; N, 2.68%. 
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Norb2PCH2N(Me)CH2PNorb2 2.23. Methylamine (1.06 cm3 of a 1.3 M solution in THF) 
was added to a solution of Norb2PCH2OH (0.931 g, 2.77 mmol) in freeze thawed methanol 
(30 cm3). The solution was refluxed, under nitrogen, at 70–80 ºC for 15 h and then 
concentrated under reduced pressure to approximately 15 cm3. The resulting white solid 
was filtered and dried in vacuo. Yield 0.418 g, 60%. 1H NMR data: δ 2.7 – 2.3 (m, CH2), 
2.3 (s, CH3), 2.2 – 1.0 ppm (m, Norb H). Found 74.41; H, 9.89; N, 2.78. C31H51NP2 
requires C, 74.51; H, 10.29; N, 2.80%. 
 
Norb2PCH2N(iPr)CH2PNorb2 2.24. A freeze thawed solution of isopropylamine (0.096 g, 
1.62 mmol) in methanol (30 cm3) was cannulated into a round bottom Schlenk, containing 
Norb2PCH2OH (1.093 g, 3.25 mmol). The solution was refluxed, under nitrogen, at 70–80 
ºC for 15 h and then concentrated under reduced pressure to approximately 15 cm3. The 
resultant white solid was filtered and dried in vacuo. Yield 0.850 g, 99%. 1H NMR data: δ 
3.7 (m, CH), 2.8 – 2.3 (m, CH2), 2.3 – 1.0 (m, Norb H), 1.0 – 0.7 ppm (m, CH3). Found 
75.17; H, 10.10; N, 2.54. C33H55NP2 requires C, 75.10; H, 10.50; N, 2.65%. 
 
Ligands 2.25 and 2.26 were prepared in a similar manner. 
 
Norb2PCH2N(Cy)CH2PNorb2 2.25. Cyclohexylamine (0.170 g, 1.71 mmol) and 
Norb2PCH2OH (1.153 g, 3.43 mmol) in methanol (30 cm3). Yield 0.452 g, 46%. 1H NMR 
data: δ 2.8 – 2.3 (m, CH2), 2.2 – 1.0 (m, Norb H), 1.8 – 0.9 ppm (m, Cy H). FAB MS: m/z 
569 [M + H]+. 
 
Norb2PCH2N(Ph)CH2PNorb2 2.26. Aniline (0.087 g, 0.944 mmol) and Norb2PCH2OH 
(0.728 g, 3.25 mmol) in methanol (50 cm3). The solution was refluxed for 60 h. Yield 0.331 
g, 63%. 1H NMR data: δ 7.2 – 6.5 (m, arom. H), 3.8 – 3.5 (m, CH2), 2.3 – 1.0 ppm (m, 
Norb H). Found C, 76.29; H, 9.21; N, 2.59. C36H53NP2·0.5CH3OH requires C, 75.87; H, 
9.59; N, 2.42%. 
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AdPCH2OH 2.27. 
(AdP = 1,3,5,7-tetramethyl-2,4,8-trioxa-6-phenyl-6-phosphaadamantane) used in the 
preparations of some of the ligands was prepared in the following manner. Under nitrogen, 
AdPH (1.053 g, 4.72 mmol) and (CH2O)n (0.149 g, 4.72 mmol) were heated to 110 ºC for 
90 min to give a yellow oil. After cooling, this was used unpurified in subsequent reactions. 
Yield 1.107 g, 95%. 1H NMR data: δ 4.1 (m, CH2), 2.5 (s, OH), 2.0 – 1.3 ppm (m, Ad 
cage). 
 
AdPCH2N(Me)CH2PAd 2.28. Under nitrogen, a solution of methylamine (0.093 cm3 of a 
2.0 M solution in THF) in methanol (10 cm3) was freeze thawed and added to a round 
bottom Schlenk, containing AdPCH2OH (0.705 g, 0.261 mmol). The solution was refluxed, 
under nitrogen, at 70-80 ºC for 70 h. The solution was concentrated to approximately 5 cm3 
under reduced pressure and the resulting white solid filtered and dried in vacuo. Yield 
0.316 g, 50%. 1H NMR data: δ 3.0 (d, J = 13 Hz, CH2), 2.8 (d, J = 13 Hz, CH2), 1.9 – 1.2 
(m, Ad cage), 1.3 ppm (s, CH3). Found C, 56.68; H, 8.06; N, 2.83. C23H41NP2O6 requires C, 
56.43; H, 8.44; N, 2.86%. FAB MS: m/z 486 [M – H]+. 
 
Ligands 2.29 – 2.31 were prepared in a similar manner. 
 
AdPCH2N(iPr)CH2PAd 2.29. Isopropylamine (0.097 g, 1.64 mmol) and AdPCH2OH 
(1.105 g, 3.27 mmol) in methanol (10 cm3). Yield 0.530 g, 63%. 1H NMR data: δ 3.5 (m, 
CH), 3.0 (d, J  = 14 Hz, CH2) 2.4 (d, J = 13 Hz, CH2), 1.9 – 1.2 (m, Ad cage), 1.0 ppm (d, J 
= 7 Hz, CH3). Found C, 58.30; H, 8.40; N, 2.65. C25H43NP2O6 requires C, 58.24; H, 8.41; 
N, 2.72%. FAB MS: m/z 514 [M – H]+. 
 
AdPCH2N(tBu)CH2PAd 2.30. t-butylamine (0.169 g, 2.31 mmol) and AdPCH2OH (1.139 
g, 4.63 mmol) in methanol (10 cm3). The solvent was evaporated to dryness to give a 
yellow oil. 1H NMR data: δ 3.2 (d, J = 14 Hz, CH2), 2.6 (d, J = 14 Hz, CH2), 2.0 – 1.2 (m, 
Ad cage), 1.1 ppm (s, CH3).  The 31P NMR spectrum showed a number of phosphorus(III) 
resonances with the desired product being approximately 57% pure. FAB MS: m/z 528 [M 
– H]+. 
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AdPCH2N(Ph)CH2PAd 2.31. Aniline (0.159 g, 1.71 mmol) and AdPCH2OH (0.955 g, 
3.34 mmol) in methanol (10 cm3). The solution was refluxed for 20 h. Yield 0.674 g, 75%. 
1H NMR data: δ 7.2 – 6.8 (m, arom. H), 3.8 (d, J = 15 Hz, CH2), 3.4 (d, J = 14 Hz, CH2), 
1.9 – 1.0 ppm (m, Ad cage). Found C, 61.12; H, 7.78; N, 2.72. C28H41NP2O6 requires C, 
61.19; H, 7.52; N, 2.55%. FAB MS: m/z 548 [M – H]+. 
 
PtCl2{Ph2PCH2N(Me)CH2PPh2} 2.32. Ph2PCH2N(Me)CH2PPh2 2.1 (0.071 g, 0.166 
mmol) was added to a solution of PtCl2(COD) (0.064 g, 0.171 mmol) in dichloromethane 
(10 cm3). The mixture was stirred for 1 h and concentrated to approximately 2 cm3 under 
reduced pressure. Diethyl ether (25 cm3) was added and a pale yellow precipitate obtained. 
The solid was filtered and dried in vacuo. Yield 0.071 g, 62%. 1H NMR data: δ 7.9 – 7.3 
(m, arom. H), 3.3 (d, J = 3.2 Hz, CH2), 2.5 ppm (s, CH3).  Found C, 43.28; H, 3.55; N, 1.48. 
C27H27NP2PtCl2·CH2Cl2 requires C, 43.21; H, 3.75; N, 1.80%. 
 
Complexes 2.33 – 2.47 and 2.49 – 2.61 were prepared in a similar manner upon using the 
respective MCl2(COD) (M = Pt/Pd) precursors. 
 
PtCl2{Ph2PCH2N(Et)CH2PPh2} 2.33. Ph2PCH2N(Et)CH2PPh2 2.2 (0.102 g, 0.201 mmol) 
and PtCl2(COD) (0.075 g, 0.200 mmol) in dichloromethane (10 cm3). Yield 0.122 g, 86%. 
1H NMR data: δ 7.8 – 7.3 (m, arom. H), 3.5 (d, J = 2.8 Hz, CH2), 2.6 (m, CH2), 0.9 ppm (t, 
J = 14 Hz, CH3). Found C, 47.34; H, 4.06; N, 2.01. C28H29NP2Cl2Pt requires C, 47.53; H, 
4.13; N, 1.98%. 
 
PtCl2{Ph2PCH2N(iPr)CH2PPh2} 2.34. Ph2PCH2N(iPr)CH2PPh2 2.3 (0.152 g, 0.280 mmol) 
and PtCl2(COD) (0.104 g, 0.278 mmol) in dichloromethane (15 cm3). Yield 0.159 g, 79%. 
1H NMR data: δ 7.9 – 7.3 m, (arom. H), 3.4 (d, J = 3.0 Hz, CH2), 2.9 (m, CH), 0.8 ppm (d, 
J = 6.8 Hz, CH3). Found C, 47.25; H, 4.39; N, 1.97. C29H31NP2PtCl2·0.25CH2Cl2 requires 
C, 47.30; H, 4.27; N, 1.89%. 
 
PtCl2{Ph2PCH2N(tBu)CH2PPh2} 2.35. Ph2PCH2N(tBu)CH2PPh2 2.4 (0.175 g, 0.112 
mmol) and PtCl2(COD) (0.041 g, 0.110 mmol) in dichloromethane (15 cm3). Yield 0.089 g. 
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1H NMR data: δ 7.9 – 7.0 (m, arom. H), 3.5 (d, J = 4.0 Hz, CH2) 0.8 ppm (s, CH3). The 
solid was shown by 31P{1H} NMR to be a mixture of phosphorus containing species 
including 2.4. FAB MS: m/z 700 [M – Cl]+. 
 
PtCl2{Ph2PCH2N(Cy)CH2PPh2} 2.36. Ph2PCH2N(Cy)CH2PPh2 2.5 (0.142 g, 0.287 mmol) 
was added to a solution of PtCl2(COD) (0.107 g, 0.286 mmol) in dichloromethane (10 
cm3). Yield 0.207 g, 95%. 1H NMR data: δ 8.0 – 7.4 (m, arom. H), 3.5 (s, CH2), 1.8 – 0.9 
ppm (m, Cy H). Found C, 47.82; H, 4.49; N, 1.81. C32H35NP2Cl2Pt·0.75CH2Cl2 requires C, 
47.66; H, 4.46; N, 1.70%. 
 
PtCl2{Ph2PCH2N(Ph)CH2PPh2} 2.37. Ph2PCH2N(Ph)CH2PPh2 2.6 (0.122 g, 0.249 mmol) 
and PtCl2(COD) (0.087 g, 2.55 mmol) in dichloromethane (15 cm3). Yield 0.137 g, 78%. 
1H NMR data: δ 7.9 – 6.6 (m, arom. H), 4.0 ppm (d, J = 2.8 Hz, CH2). Found C, 48.40; H, 
3.70; N, 1.68. C32H29NP2PtCl2·0.75CH2Cl2 requires C, 48.04; H, 3.75; H, 1.71%. 
 
PtCl2{Ph2PCH2N(2,6-Me2C6H3)CH2PPh2} 2.38. 
Ph2PCH2N(2,6-Me2C6H3)CH2PPh2 2.7 (0.120 g, 0.211 mmol) and PtCl2(COD) (0.079 g, 
0.211 mmol) in dichloromethane (10 cm3). Yield 0.159 g, 96%. 1H NMR data: δ 7.9 – 6.6 
(m, arom. H), 4.1 (s, CH2), 1.4 ppm (s, CH3). Found C, 45.85; H, 3.69; N, 1.79. 
C34H33NP2Cl2Pt·2CH2Cl2 requires C, 45.35; H, 3.91; N, 1.47%. 
 
PtCl2{Ph2PCH2N(3,5-Me2C6H3)CH2PPh2} 2.39. 
Ph2PCH2N(3,5-Me2C6H3)CH2PPh2 2.8 (0.134 g, 0.259 mmol) and PtCl2(COD) (0.097 g, 
0.259 mmol) in dichloromethane (10 cm3). Yield 0.177 g, 87%. 1H NMR data: δ 7.8 – 7.3 
(m, arom. H), 6.6 (s, arom. H), 6.1 (s, arom. H), 3.9 (d, J = 2.0 Hz, CH2), 2.1 ppm (s, CH3). 
Found C, 45.12; H, 3.76; N, 1.69. C34H33NP2Cl2Pt·2CH2Cl2 requires C, 45.35; H, 3.91; N, 
1.47%. 
 
PtCl2{Ph2PCH2N(2,4,6-Me3C6H2)CH2PPh2} 2.40. 
Ph2PCH2N(2,4,6-Me3C6H2)CH2PPh2 2.9 (0.139 g, 0.268 mmol) and PtCl2(COD) (0.100 g, 
0.267 mmol) in dichloromethane (10 cm3). Yield 0.160 g, 76%. 1H NMR data: δ 8.0 – 6.5 
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(m, arom. H), 4.1 (s, CH2), 2.1 (s, p-CH3), 1.4 ppm (s, o-CH3). Found C, 52.37; H, 4.22; N, 
1.74. C35H35NP2Cl2Pt requires C, 52.71; H, 4.42; N, 1.76%. 
 
PtCl2{Ph2PCH2N(2,6-iPr2C6H3)CH2PPh2} 2.41. 
Ph2PCH2N(2,6-iPr2C6H3)CH2PPh2 2.10 (0.122 g, 0.213 mmol) and PtCl2(COD) (0.080 g, 
0.214 mmol) in dichloromethane (10 cm3). Yield 0.085 g, 47%. 1H NMR data: δ 8.0 – 7.4 
(m, arom. H), 7.2 – 6.9 (m, arom. H), 4.2 (s, CH2), 2.9 (m, CH) 0.7 ppm (d, J = 6.8 Hz, 
CH3). Found C, 53.88; H, 4.56; N, 1.59. C38H41NP2Cl2Pt requires C, 54.42; H, 4.81; N, 
1.67%. 
 
PtCl2{Ph2PCH2N{3,5-(CF3)2C6H3}CH2PPh2} 2.42. 
Ph2PCH2N{3,5-(CF3)2C6H3}CH2PPh2 2.11 (0.220 g, 0.197 mmol) and PtCl2(COD) (0.074 
g, 0.198 mmol) in dichloromethane (10 cm3). Yield 0.093 g, 53%. 1H NMR data: δ 7.9 – 
6.6 (m, arom. H), 4.2 ppm (s, CH2). Found C, 44.89; H, 3.23; N, 1.67. 
C34H27F6NP2Cl2Pt·0.25CH2Cl2 requires C, 45.07; H, 3.04; N, 1.53%. 
 
PtCl2{Ph2PCH2N[CH2-2,4-(MeO)2C6H3]CH2PPh2} 2.43. 
Ph2PCH2N[CH2-2,4-(MeO)2C6H3]CH2PPh2 2.12 (0.177 g, 0.286 mmol) and PtCl2(COD) 
(0.107 g, 0.286 mmol) in dichloromethane (10 cm3). Yield 0.194 g, 82%. 1H NMR data: δ 
7.8 – 7.2 (m, arom. H), 6.9 (d, J = 8.0 Hz, arom. H), 6.5 – 6.3 (m, arom. H) 3.8 (s, CH3), 
3.6 (s, CH3), 3.6 (s, CH2), 3.5 – 3.3 ppm (m, CH2). Found C, 50.22; H, 4.27; N, 1.66. 
C35H35NP2O2Cl2Pt requires C, 50.67; H, 4.25; N, 1.69%. 
 
PtCl2{Ph2PCH2N(CH2C10H7)CH2PPh2} 2.44. Ph2PCH2N(CH2C10H7)CH2PPh2 2.13 
(0.075 g, 0.135 mmol) and PtCl2(COD) (0.051 g, 0.136 mmol) in dichloromethane (10 
cm3). Yield 0.089 g, 80%. 1H NMR data: δ 7.8 (t, J = 17 Hz, arom. H), 7.6 – 7.1 (m, arom. 
H), 6.9 (t, J = 15 Hz, arom. H), 3.9 (s, CH2), 3.4 ppm (m, CH2). Found C, 53.79; H, 3.92; 
N, 1.67. C37H33NP2Cl2Pt requires C, 54.22; H, 4.06; N, 1.71%. 
 
PtCl2{Ph2PCH2N(Naphth)CH2PPh2} 2.45. Ph2PCH2N(Naphth)CH2PPh2 2.14 (0.170 g, 
2.84 mmol) and PtCl2(COD) (0.107 g, 0.286 mmol) in dichloromethane (15 cm3). Yield 
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0.217 g, 95%. 1H NMR data: δ 8.1 – 6.8 (m, arom. H), 3.9 ppm (s, CH2). Found C, 52.85; 
H, 3.91; N, 1.74. C36H31NP2Cl2Pt·0.25CH2Cl2 requires C, 52.66; H, 3.84; N, 1.69%. 
 
PtCl2{Ph2PCH2N(Quin)CH2PPh2} 2.46. Ph2PCH2N(Quin)CH2PPh2 2.15 (0.119 g, 0.198 
mmol) and PtCl2(COD) (0.074 g, 0.198 mmol) in dichloromethane (10 cm3). Yield 0.108 g, 
68%. 1H NMR data: δ 8.8 – 6.6 (m, arom. H), 4.1 – 3.8 ppm (m, CH2). Found C, 51.41; H, 
3.69; N, 3.40. C35H30N2P2Cl2Pt·0.25CH2Cl2 requires C, 51.14; H, 3.68; N, 3.38%. 
 
PtCl2{Ph2PCH2N(2-Fluor)CH2PPh2} 2.47. Ph2PCH2N(2-Fluor)CH2PPh2 2.16 (0.082 g, 
0.142 mmol) and PtCl2(COD) (0.053 g, 0.142 mmol) in dichloromethane (10 cm3). Yield 
0.067 g, 56%. 1H NMR data: δ 8.0 – 7.2 (m, arom. H), 6.8 (s, arom. H), 6.7 (d, J = 8.0 Hz, 
arom. H), 4.1 (m, CH2), 3.8 ppm (s, CH2). Found C, 55.39; H, 3.62; N, 1.58. 
C39H33NP2Cl2Pt requires C, 55.53; H, 3.94; N, 1.66%. 
 
PtCl2{Ph2PCH2N(H)CH2PPh2} 2.48. Under nitrogen CF3COOH (3 drops) was added to a 
solution of PtCl2{Ph2PCH2N[CH2-3,5-(MeO)2C6H3]CH2PPh2} 2.43 in freeze thawed 
toluene (10 cm3). The solution was refluxed under nitrogen for 40 h and the solvent was 
evaporated to dryness under reduced pressure. Yield 0.037 g, 90%. 1H NMR data (DMSO): 
δ 8.0 – 7.2 (m, arom. H), 3.9 ppm (s, CH2). ESI MS: m/z 644 [M – Cl]+. 
 
PtCl2{Cy2PCH2N(Me)CH2PCy2} 2.49. Cy2PCH2N(Me)CH2PCy2 2.19 (0.100 g, 0.221 
mmol) and PtCl2(COD) (0.083 g, 0.222 mmol) in dichloromethane (10 cm3). Yield 0.123 g, 
77%. 1H NMR data: δ 2.6 (d, J = 2.8 Hz, CH2), 2.3 (s, CH3), 2.4 – 1.0 ppm (m, Cy H). 
Found C, 41.51; H, 6.48; N, 1.90. C27H51NP2Cl2Pt·CH2Cl2 requires C, 41.90; H, 6.66; N, 
1.75%. 
 
PtCl2{Cy2PCH2N(iPr)CH2PCy2} 2.50. Cy2PCH2N(iPr)CH2PCy2 2.20 (0.146 g, 0.262 
mmol) and PtCl2(COD) (0.098 g, 0.262 mmol) in dichloromethane (10 cm3). Yield 0.167 g, 
85%. 1H NMR data: δ 3.0 (s, CH), 2.7 (d, J = 3.2 Hz, CH2), 2.5 – 1.2 (m, Cy H), 1.1 ppm 
(d, J = 6.8 Hz, CH3). Found C, 44.59; H, 7.20; N, 1.76. C29H55NP2Cl2Pt·0.75CH2Cl2 
requires C, 44.15; H, 7.04; N, 1.73%. 
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PtCl2{Cy2PCH2N(Cy)CH2PCy2} 2.51. Cy2PCH2N(Cy)CH2PCy2 2.21 (0.138 g, 0.266 
mmol) and PtCl2(COD) (0.099 g, 0.265 mmol) in dichloromethane (10 cm3). Yield 0.176 g, 
85%. 1H NMR data: δ 2.8 (s, CH2), 2.5 – 1.1 ppm (m, Cy H). Found C, 46.34; H, 7.22; N, 
1.68. C32H59NP2Cl2Pt·0.75CH2Cl2 requires C, 46.31; H, 7.18; N, 1.65%. 
 
PtCl2{Cy2PCH2N(Ph)CH2PCy2} 2.52. Cy2PCH2N(Ph)CH2PCy2 2.22 (0.139 g, 0.271 
mmol) and PtCl2(COD) (0.101 g, 0.270 mmol) in dichloromethane (10 cm3). Yield 0.165 g, 
78%. 1H NMR data: δ 7.5 – 6.9 (m, arom. H), 3.4 (d, J = 2.4 Hz, CH2), 2.6 – 1.1 ppm (m, 
Cy H). Found C, 48.97; H, 6.69; N, 1.82. C32H53NP2Cl2Pt requires C, 49.29; H, 6.85; N, 
1.80%. 
 
PtCl2{Norb2PCH2N(Me)CH2PNorb2} 2.53. Norb2PCH2N(Me)CH2PNorb2 2.23 (0.104 g, 
0.208 mmol) and PtCl2(COD) (0.078 g, 0.209 mmol) in dichloromethane (10 cm3). Yield 
0.094 g, 59%. 1H NMR data: δ 3.0 – 2.3 (m, CH2), 2.3 (s, CH3), 2.3 – 1.1 ppm (m, Norb H). 
Found C, 45.28; H, 5.83; N, 1.74. C31H51NP2Cl2Pt·CH2Cl2 requires C, 45.19; H, 6.28; N, 
1.65%. 
 
PtCl2{Norb2PCH2N(iPr)CH2PNorb2} 2.54. Norb2PCH2N(iPr)CH2PNorb2 2.24 (0.141 g, 
0.267 mmol) and PtCl2(COD) (0.100 g, 0.267 mmol) in dichloromethane (10 cm3). Yield 
0.139 g, 66%. 1H NMR data: δ 2.9 (m, CH), 2.8 – 2.5 (m, CH2),  2.4 – 1.1 (m, Norb H), 1.0 
– 0.9 ppm (m, CH3). Found C, 47.65; H, 6.19; N, 1.67. C33H55NP2Cl2Pt·0.75CH2Cl2 
requires C, 47.28; H, 6.64; N, 1.63%. 
 
PtCl2{Norb2PCH2N(Cy)CH2PNorb2} 2.55. Norb2PCH2N(Cy)CH2PNorb2 2.25 (0.106 g, 
0.187 mmol) and PtCl2(COD) (0.070 g, 0.187 mmol) in dichloromethane (10 cm3). Yield 
0.104 g, 67%. 1H NMR data: δ 2.9 – 2.5 (m, CH2), 2.4 – 1.2 (m, Norb H), 1.9 – 0.8 ppm 
(m, Cy H). Found C, 45.96; H, 6.39; N, 1.49. C36H59NP2Cl2Pt·2CH2Cl2 requires C, 45.47; 
H, 6.33; N, 1.40%. 
 
PtCl2{Norb2PCH2N(Ph)CH2PNorb2} 2.56. Norb2PCH2N(Ph)CH2PNorb2 2.26 (0.105 g, 
0.187 mmol) and PtCl2(COD) (0.070 g, 0.187 mmol) in dichloromethane (10 cm3). Yield 
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0.131 g, 85%. 1H NMR data: δ 7.4 – 6.9 (m, arom. H), 3.5 – 2.5 (m, CH2), 2.4 – 1.1 ppm 
(m, Norb H). Found C, 51.06; H, 5.92; N, 1.64. C36H53NP2Cl2Pt·0.25CH2Cl2 requires C, 
51.28; H, 6.35; N, 1.65%. 
 
PtCl2{AdPCH2N(Me)CH2PAd} 2.57. AdPCH2N(Me)CH2PAd 2.28 (0.145 g, 0.280 mmol) 
and PtCl2(COD) (0.105 g, 0.281 mmol) in dichloromethane (10 cm3). Yield 0.167 g, 79%. 
1H NMR data: δ 3.8 (d, J = 14 Hz, CH2), 3.3 (dd, J = 15 Hz, J = 4.0 Hz, CH2), 2.3 – 1.5 (m, 
Ad cage), 1.4 ppm (s, CH3). Found C, 36.13; H, 5.02; N, 1.75. C23H41NP2O6PtCl2 requires 
C, 36.56; H, 5.47; N, 1.85%. 
 
PtCl2{AdPCH2N(iPr)CH2PAd} 2.58. AdPCH2N(iPr)CH2PAd 2.29 (0.119 g, 0.232 mmol) 
and PtCl2(COD) (0.087 g, 0.233 mmol) in dichloromethane (15 cm3). Yield 0.116 g, 64%. 
1H NMR data: δ 3.9 (d, J = 14 Hz, CH2), 3.4 (d, J = 13 Hz, CH2), 3.2 (m, CH), 2.1 – 1.4 (m, 
Ad cage), 1.3 ppm (d, J = 5.6 Hz, CH3). Found C, 37.99; H, 5.73; N, 1.91. 
C25H43NP2O6PtCl2 requires C, 38.42; H, 5.55; N, 1.79%. 
 
PtCl2{AdPCH2N(Ph)CH2PAd} 2.59. AdPCH2N(Ph)CH2PAd 2.31 (0.181 g, 0.284 mmol) 
and PtCl2(COD) (0.106 g, 0.283 mmol) in dichloromethane (10 cm3). Yield 0.163 g, 72%. 
1H NMR data: δ 7.5 – 7.1 (m, arom. H), 4.0 (dd, J = 14 Hz, J = 4.0 Hz, CH2), 3.8 (dd, J = 
14 Hz, J = 2.8 Hz, CH2), 1.9 – 1.3 ppm (m, Ad cage). Found C, 41.14; H, 5.24; N, 1.74. 
C28H41NP2O6PtCl2 requires C, 41.24; H, 5.07; N, 1.72%. 
 
PdCl2{AdPCH2N(iPr)CH2PAd} 2.60. AdPCH2N(iPr)CH2PAd 2.29 (0.175 g, 0.307 mmol) 
and PdCl2(COD) (0.088 g, 0.308 mmol) in dichloromethane (10 cm3). Yield 0.193 g, 91%. 
1H NMR data: δ 3.8 (dd, J = 14, J = 3.2, CH2), 3.2 (dd, J = 13, J = 4.4, CH2), 3.0 (m, CH), 
2.0 – 1.2 (m, Ad cage), 1.1 ppm (d, J = 5.6 Hz, CH3). Found C, 41.71; H, 6.02; N, 1.88. 
C25H43NP2O6PdCl2·0.5CH2Cl2 requires C, 41.65; H, 6.03; N, 1.90%. 
 
PdCl2{AdPCH2N(Ph)CH2PAd} 2.61. AdPCH2N(Ph)CH2PAd 2.31 (0.235 g, 0.369 mmol) 
and PdCl2(COD) (0.105 g, 0.368 mmol) in dichloromethane (10 cm3). Yield 0.235 g, 90%. 
1H NMR data: δ 7.6 – 7.2 (m, arom. H), 4.0 (d, J = 4.0 Hz, CH2), 3.6 (d, J = 3.2 Hz, CH2), 
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2.0 – 1.4 ppm (m, Ad cage). Found C, 46.37; H, 5.83; N, 1.90. C28H41NP2O6PdCl2 requires 
C, 46.20; H, 5.68; N, 1.92%. 
 
Au2Cl2{μ-AdPCH2N(Ph)CH2PAd} 2.62. AdPCH2N(Ph)CH2PAd 2.31 (0.068 g, 0.124 
mmol) was added to a solution of AuCl(tht) (0.079 g, 0.246 mmol) in dichloromethane (10 
cm3). The solution was stirred in the dark [due to the light sensitive nature of AuCl(tht)], at 
room temperature, for 45 min and then concentrated to approximately 2 cm3 under reduced 
pressure. Diethyl ether (25 cm3) was added and the resulting white precipitate filtered and 
dried in vacuo. Yield 0.084 g, 67%. 1H NMR data: δ 7.4 – 7.0 (m, arom. H), 4.7 – 4.4 (m, 
CH2) 2.3 – 1.2 ppm (m, Ad cage). Found C, 30.64; H, 3.76; N, 1.36. C-
28H41NP2O6Cl2Au2·1.5CH2Cl2 requires C, 31.03; H, 3.88; N, 1.23%. 
 
Cr(CO)4{Ph2PCH2N(iPr)CH2PPh2} 2.63. A solution of Ph2PCH2N(iPr)CH2PPh2 2.3 
(0.101 g, 0.184 mmol) and Cr(CO)4(nbd) (0.047 g, 0.183 mmol) in freeze thawed THF (20 
cm3) was heated, under nitrogen, at 50 ºC for 1 h. Upon cooling the solvent was evaporated 
to dryness under reduced pressure. Yield 0.101 g, 89%. 1H NMR data: δ 7.9 – 7.2 (m, 
arom. H), 3.3 (s, CH2), 3.0 (m, CH), 0.8 ppm (d, J = 7.2 Hz, CH3). FAB MS: m/z 619 [M]+. 
 
Compounds 2.64 – 2.66 were prepared in a similar manner. 
 
Cr(CO)4{Ph2PCH2N(Ph)CH2PPh2} 2.64. Ph2PCH2N(Ph)CH2PPh2 2.6 (0.153 g, 0.313 
mmol) and Cr(CO)4(nbd) (0.080 g, 0.312 mmol) in THF (30 cm3). Yield 0.172 g, 84%. 1H 
NMR data: δ 7.5 – 6.4 (m, arom. H), 3.9 ppm (s, CH2). FAB MS: m/z 569 [M – 3CO]+, 541 
[M – 4CO]+. 
 
Cr(CO)4{Ph2PCH2N(Naphth)CH2PPh2} 2.65. Ph2PCH2N(Naphth)CH2PPh2 2.14 (0.138 
g, 0.230 mmol) and Cr(CO)4(nbd) (0.059 g, 0.230 mmol) in THF (20 cm3). Yield 0.091 g, 
56%. 1H NMR data: δ 7.8 (d, J = 8.0 Hz, arom. H), 7.7 (d, J = 8.0 Hz, arom. H), 7.6 (d, J = 
8.0 Hz, arom. H), 7.5 – 7.0 (m, arom. H), 6.8 (t, J = 15 Hz, arom. H), 6.6 (d, 8.8 Hz, arom. 
H), 3.7 ppm (m, CH2). FAB MS: m/z 591 [M – 4CO]+. 
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Cr(CO)4{AdPCH2N(Ph)CH2PAd} 2.66. AdPCH2N(Ph)CH2PAd 2.31 (0.096 g, 0.175 
mmol) and Cr(CO)4(nbd) (0.045 g, 0.175 mmol) in THF (30 cm3). Yield 0.107 g, 86%. 1H 
NMR data: δ 7.3 – 6.9 (m, arom. H), 3.6 (d, J = 14 Hz, CH2), 3.4 (d, J = 14 Hz, CH2), 2.5 
(d, J = 13 Hz, CH2), 1.8 – 1.2 ppm (m, Ad cage). FAB MS: m/z 713 [M]+. 
 
AdPCH2N(H)iPr 2.67. Under nitrogen, a freeze thawed solution of isopropylamine (0.707 
g, 12.0 mmol) in methanol (15 cm3) was cannulated into a Schlenk flask, containing 
AdPCH2OH (0.571 g, 2.31 mmol). The solution was stirred for 20 h and then refluxed at 
70-80ºC for 4 h. The solution was concentrated to approximately 2 cm3 and the resulting 
solid filtered and dried in vacuo. 1H NMR data: δ 3.3 (s, NH), 3.0 (d, J = 13 Hz, CH2), 2.8 
(m, CH), 2.5 (d, J = 13 Hz, CH2), 2.0 – 1.2 (m, Ad cage), 1.1 ppm (d, J = 6.4 Hz, CH3). 
FAB MS: m/z 288 [M + H]+. 
 
AdPCH2N(H)Ph 2.68. Under nitrogen, freeze thawed methanol (35 cm3) was added to a 
Schlenk flask, containing AdPCH2OH (2.714 g, 9.37 mmol). A freeze thawed solution of 
aniline (5.561 g, 59.7 mmol) in methanol (35 cm3) was cannulated into the above flask. The 
mixture was stirred for 20 h and then concentrated to approximately 10 cm3 under reduced 
vacuum. The white precipitate was filtered and dried in vacuo. Yield 2.455 g, 84%. 1H 
NMR data: δ 7.2 – 6.5 (m, arom. H), 3.9 (s, NH), 3.4 (dd, J = 12 Hz, J = 1.6, CH2), 2.9 (dd, 
J = 13 Hz, J  = 3.6 Hz, CH2), 1.9 – 1.2 ppm (m, Ad cage). Found C, 63.05; H, 7.52; N, 
4.30. C17H24NO3P requires C, 63.54; H, 7.53; N, 4.36%. 
 
AdPCH2N(H)4-MeC6H4 2.69. A solution of AdPCH2OH (1.207 g, 4.90 mmol) in freeze 
thawed methanol (15 cm3) was added dropwise, over a period of 20 min, to a solution of  p-
toluidine (0.525 g, 4.90 mmol) in freeze thawed methanol (15 cm3). The solution was 
stirred, at room temperature, for 20 h and the resulting white precipitate was filtered and 
dried in vacuo. Yield 0.867 g, 53%. 1H NMR data: δ 7.1 – 6.5 (m, arom. H), 3.8 (s, NH), 
3.5 (d, J = 13 Hz, CH2), 3.0 (dd, J = 13 Hz, J = 3.2 Hz, CH2), 2.2 (s, CH3), 2.0 – 1.1 ppm 
(m, Ad cage). Found C, 64.38; H, 7.78; N, 4.23. C18H26NO3P requires C, 64.46; H, 7.81; N, 
4.18%. 
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Ligands 2.70 – 2.72 were prepared in a similar manner to 2.68. 
 
AdPCH2N(H)4-ClC6H4 2.70. AdPCH2OH (0.794 g, 3.23 mmol) and 4-chloroaniline 
(0.412 g, 3.23 mmol) in methanol (30 cm3). Yield 0.462 g, 40%. 1H NMR data: δ 7.2 – 6.5 
(m, arom. H), 4.0 (s, NH), 3.4 (dd, J = 13 Hz, J = 1.6 Hz, CH2), 2.9 (dd, J = 13 Hz, J = 4.0 
Hz, CH2), 2.0 – 1.3 ppm (m, Ad cage). Found C, 57.10; H, 6.50; N, 3.78. C17H23NO3PCl 
requires C, 57.39; H, 6.52; N, 3.94%. 
 
AdPCH2N(H)4-FC6H4 2.71. AdPCH2OH (0.785 g, 3.19 mmol) and 4-fluoroaniline (1.776 
g, 16.0 mmol) in methanol (30 cm3). Yield 0.320 g, 29%. 1H NMR data: δ 7.1 – 6.6 (m, 
arom. H), 4.3 (s, NH), 3.5 (d, J = 13 Hz, CH2), 3.0 (dd, J = 13 Hz, J = 4.0 Hz, CH2), 2.0 – 
1.3 ppm (m, Ad cage). Found C, 57.80; H, 6.51; N, 3.87. C17H23NO3PF·0.75H2O requires 
C, 57.87; H, 7.00; N, 3.97%. 
 
AdPCH2N(H)Naphth 2.72. AdPCH2OH (0.576 g, 2.11 mmol) and 1-aminonaphthalene 
(0.302 g, 2.11 mmol) in methanol (30 cm3). Yield 0.324 g, 41%. 1H NMR data: δ 7.8 – 6.6 
(m, arom. H), 4.8 (s, NH), 3.6 (d, J = 14 Hz, CH2), 3.2 (dd, J = 13 Hz, J = 5.2 Hz, CH2), 2.0 
– 1.1 ppm (m, Ad cage). Found C, 66.01; H, 6.87; N, 3.37. C21H26NO3P·0.75CH3OH 
requires C, 66.06; H, 7.39; N, 3.54%. 
 
AdPCH2N(iPr)CH2PPh2 2.73. Under nitrogen, a solution of Ph2PCH2OH (0.255 g, 0.943 
mmol) in freeze thawed methanol (10 cm3) was cannulated into a Schlenk flask containing 
AdPCH2N(H)iPr 2.66 (0.327 g, 0.945 mmol). The solution was stirred for 2 h and the 
solvent evaporated to dryness under reduced pressure. 1H NMR data: δ 7.6 – 7.3 (m, arom. 
H), 3.6 (m, CH), 3.4 – 2.8 (m, CH2), 2.0 – 1.1 (m, Ad cage), 1.0 ppm (d, J = 6.8, CH3). 
FAB MS: m/z 484 [M – H]+. 
 
AdPCH2N(Ph)CH2PPh2 2.74. Under nitrogen, a solution of Ph2PCH2OH (0.245 g, 0.906 
mmol) in freeze thawed methanol (5 cm3) was cannulated into a Schlenk flask containing 
AdPCH2N(H)Ph 2.67 (0.327 g, 0.906 mmol) and freeze thawed methanol (5 cm3). The 
mixture was stirred for 24 h and the white precipitate filtered and dried in vacuo. Yield 
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0.412 g, 87%. 1H NMR data: δ 7.4 – 6.7 (m, arom. H), 3.6 (d, J = 14 Hz, CH2), 3.1 (dd, J = 
15 Hz, J = 5.6 Hz, CH2), 1.8 – 1.0 ppm (m, Ad cage). Found C, 68.23; H, 6.63; N, 2.79. 
C30H35NO3P2·0.5CH3OH requires C, 68.40; H, 6.96; N, 2.62%. FAB MS: m/z 518 [M – 
H]+. 
 
Ligands 2.75 – 2.77 were prepared in a similar manner. 
 
AdPCH2N(4-MeC6H4)CH2PPh2 2.75. Ph2PCH2OH (0.315 g, 1.33 mmol) and 
AdPCH2N(H)4-MeC6H4 2.69 (0.529 g, 1.32 mmol) in methanol (20 cm3). Yield 0.604 g, 
85%. 1H NMR data: δ 7.4 – 6.7 (m, arom. H), 3.5 (d, J = 14 Hz, CH2) 3.1 (dd, J = 15 Hz, J 
= 5.2 Hz, CH2), 2.2 (s, CH3) 1.8 – 1.0 ppm (m, Ad cage). FAB MS: m/z 532 [M – H]+. 
 
AdPCH2N(4-FC6H4)CH2PPh2 2.76. Ph2PCH2OH (0.118 g, 0.458 mmol) and 
AdPCH2N(H)4-FC6H4 2.71 (0.162 g, 0.458 mmol) in methanol (10 cm3). The solution was 
stirred, at room temperature, for 24 h and then refluxed at 70–80 ºC for 17 h. The solution 
was concentrated to approximately 5 cm3 and a colourless oil formed. The solution was 
cannulated into a round bottom Schlenk and the colourless oil was dried under reduced 
pressure. 1H NMR data: δ 7.5 – 6.7 (m, arom. H), 3.7 (d, J = 14 Hz, CH2), 3.3 (d, J = 14 
Hz, CH2), 1.9 – 1.0 ppm (m, Ad cage). FAB MS: m/z 539 [M + H]+. 
 
AdPCH2N(Naphth)CH2PPh2 2.77. Ph2PCH2OH (0.310 g, 1.20 mmol) and 
AdPCH2N(H)Naphth 2.72 (0.461 g, 1.20 mmol) in methanol (15 cm3). The solution was 
stirred, at room temperature, for 24 h and then refluxed at 70–80 ºC for 20 h. The solution 
was cooled to room temperature and the resulting white precipitate was filtered and dried in 
vacuo. 1H NMR data: δ 8.0 – 7.0 (m, arom. H), 3.8 (d, J = 14 Hz, CH2), 3.5 (d, J = 15 Hz, 
CH2), 1.8 – 1.1 ppm (m, Ad cage). FAB MS: m/z 568 [M – H]+. 
 
Complexes 2.78, 2.79 and 2.81 – 2.86 were synthesised in a similar manner to 2.32 using 
the respective MCl2(COD) (M = Pt/Pd) precursors. 
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cis-PtCl2{AdPCH2N(H)iPr}2 2.78. AdPCH2N(H)iPr 2.67 (0.054 g, 0.152 mmol) and 
PtCl2(COD) (0.028 g, 0.075 mmol) in dichloromethane (10 cm3). 1H NMR data: δ 3.7 (dd, 
J = 14 Hz, J = 2.8 Hz, CH2), 3.4 (s, NH), 3.2 (dd, J = 14 Hz, J = 4.0 Hz, CH2),  2.9 (s, CH), 
1.9 – 1.1 (m, Ad cage), 1.0 ppm (d, J = 6.4 Hz, CH3). FAB MS: m/z 805 [M – Cl]+. 
 
cis-PtCl2{AdPCH2N(H)Ph}2 2.79. AdPCH2N(H)Ph 2.68 (0.073 g, 0.227 mmol) and 
PtCl2(COD) (0.042 g, 0.112 mmol) in dichloromethane (10 cm3). 1H NMR data: δ 7.5 – 6.8 
(m, arom. H), 4.1 – 3.5 (m, CH2), 1.9 – 1.1 ppm (m, Ad cage). FAB MS: m/z 908 [M]+. 
 
PdBr(κ2-C,N-C16H16N){AdPCH2N(H)Ph} 2.80. A solution of AdPCH2N(H)Ph 2.68 
(0.071 g, 0.221 mmol) and {Pd(κ2-C,N-C16H16N)Br}2 (0.090 g, 0.110 mmol) in acetone (10 
cm3) were refluxed for 75 min. After cooling the solution was concentrated under reduced 
pressure to ca. 2 cm3 and diethyl ether (10 cm3) and hexane (10 cm3) added. The solid was 
collected by suction filtration and dried in vacuo. Yield: 0.113 g, 70%. 1H NMR data: δ 8.2 
(d, J = 12 Hz, CH=N), 7.7 − 6.4 (m, arom. H), 4.7 (s, NH), 4.2 (d, J = 12 Hz, CH2), 3.8 
− 3.6 (m, CH2), 2.4 (s, CH3), 2.2 (s, CH3), 2.4 − 1.4 (m, Ad cage). Found C, 54.09; H, 5.47; 
N, 3.77. C33H37N2O3PBrPd requires C, 54.52; H, 5.13; N, 3.85%. 
 
PtCl2{AdPCH2N(iPr)CH2PPh2} 2.81. AdPCH2N(iPr)CH2PPh2 2.73 (0.083 g, 0.137 mmol) 
and PtCl2(COD) (0.051 g, 0.136 mmol) in dichloromethane (10 cm3). Yield 0.058 g, 57%. 
1H NMR data: δ 8.1 – 7.4 (m, arom. H), 3.4 (m, CH2), 3.0 (m, CH2), 2.9 (m, CH), 1.9 – 1.0 
(m, Ad cage), 0.9 ppm (d, J = 6.8 Hz, CH3). Found C, 42.82; H, 4.75; N, 1.93. 
C27H37NP2O3PtCl2 requires C, 43.15; H, 4.96; N, 1.86%. 
 
PtCl2{AdPCH2N(Ph)CH2PPh2} 2.82. AdPCH2N(Ph)CH2PPh2 2.74 (0.119 g, 0.192 mmol) 
and PtCl2(COD) (0.072 g, 0.192 mmol) in dichloromethane (10 cm3). Yield 0.129 g, 85%. 
1H NMR data: δ 8.1 – 6.9 (m, arom. H), 4.4 – 4.2 (m, CH2), 3.6 – 3.3 (m, CH2), 1.9 – 1.1 
ppm (m, Ad cage). Found C, 43.94; H, 3.89; N, 2.04. C30H35NP2O3PtCl2·0.5CH2Cl2 
requires C, 44.24; H, 4.38; N, 1.69%. 
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PtCl2{AdPCH2N(4-MeC6H4)CH2PPh2} 2.83. AdPCH2N(4-MeC6H4)CH2PPh2 2.75 (0.157 
g, 0.147 mmol) and PtCl2(COD) (0.055 g, 0.147 mmol) in dichloromethane (10 cm3). Yield 
0.108 g, 92%. 1H NMR data: δ 8.0 – 7.3 (m, arom. H), 7.1 (d, J = 8.4 Hz, arom. H), 6.8 (d, 
J = 8.4 Hz, arom. H), 4.4 – 4.0 (m, CH2), 3.5 – 3.2 (m, CH2), 2.2 (s, CH3), 1.8 – 1.1 ppm 
(m, Ad cage). Found C, 42.94; H, 4.03; N, 1.49. C31H37NO3P2Cl2Pt·CH2Cl2 requires C, 
43.44; H, 4.44; N, 1.58%. 
 
PdCl2{AdPCH2N(iPr)CH2PPh2} 2.84. AdPCH2N(iPr)CH2PPh2 2.73 (0.123 g, 0.203 mmol) 
and PdCl2(COD) (0.058 g, 0.203 mmol) in dichloromethane (10 cm3). Yield 0.111 g, 82%. 
1H NMR data: δ 8.1 – 7.4 (m, arom. H), 3.7 – 3.3 (m, CH2), 3.0 (m, CH) 2.8 – 2.5 (m, 
CH2), 1.9 – 1.0 (m, Ad cage), 0.9 ppm (d, J = 6.8 Hz, CH3). Found C, 47.40; H, 5.02; N, 
2.55. C27H37NP2O3PdCl2·0.25CH2Cl2 requires C, 47.84; H, 5.52; N, 2.05%. 
 
PdCl2{AdPCH2N(Ph)CH2PPh2} 2.85. AdPCH2N(Ph)CH2PPh2 2.74 (0.123 g, 0.189 mmol) 
and PdCl2(COD) (0.054 g, 0.189 mmol) in dichloromethane (10 cm3). Yield 0.129 g, 98%. 
1H NMR data: δ 8.0 – 6.8 (m, arom. H), 4.2 – 3.9 (m, CH2), 3.6 – 3.2 (m, CH2), 1.9 – 1.2 
ppm (m, Ad cage). Found C, 48.84; H, 4.48; N, 1.57. C31H37NO3P2Cl2Pd·0.75CH2Cl2 
requires C, 48.56; H, 4.84; N, 1.84%. 
 
PdCl2{AdPCH2N(4-MeC6H4)CH2PPh2} 2.86. AdPCH2N(4-MeC6H4)CH2PPh2 2.75 (0.160 
g, 0.210 mmol) and PdCl2(COD) (0.060 g, 0.210 mmol) in dichloromethane (10 cm3). 
Yield 0.137 g, 92%. 1H NMR data: δ 8.0 – 7.3 (m, arom. H), 7.1 (d, J = 8.0 Hz, arom. H), 
6.8 (d, J = 8.0 Hz, arom. H), 4.2 – 4.0 (m, CH2), 3.6 – 3.2 (m, CH2), 2.2 (s, CH3), 1.8 – 1.2 
ppm (m, Ad cage). Found C, 43.09; H, 4.24; N, 1.71. C30H35NO3P2Cl2Pd·2.5CH2Cl2 
requires C, 43.58; H, 4.59; N, 1.52%. 
 
RuCl2(p-cymene){Ph2PCH2N(Ph)CH2PAd} 2.87. AdPCH2N(Ph)CH2PPh2 2.74 (0.098 g, 
0.151 mmol) was added to a solution of [RuCl2(p-cymene)]2 (0.046 g, 0.075 mmol) in 
dichloromethane (10 cm3). The solution was stirred, at room temperature, for 45 min and 
then concentrated to approximately 2 cm3 under reduced pressure. Diethyl ether (25 cm3) 
was added, followed by hexane (25 cm3) and the resulting precipitate filtered and dried in 
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vacuo. Yield 0.078 g, 63%. 1H NMR data: δ 8.1 – 6.5 (m, arom. H), 5.3 – 5.0 (m, arom. H), 
3.7 – 2.8 (m, CH2), 2.5 (m, CH), 2.0 – 1.2 (m, Ad cage), 1.9 (s, CH3), 1.1 – 0.8 ppm (m, 
CH3). Found C, 56.97; H, 6.27; N, 1.66. C40H49NO3P2Cl2Ru·0.25CH2Cl2 requires C, 57.07; 
H, 5.89; N, 1.65%. 
 
Complexes 2.88 – 2.91 were prepared in a similar manner with their respective Au, Ru or Ir 
precursor. 
 
IrCl2(Cp*){Ph2PCH2N(Ph)CH2PAd} 2.88. AdPCH2N(Ph)CH2PPh2 2.74 (0.109 g, 0.213 
mmol) and [IrCl2(Cp*)]2 (0.082 g, 0.107 mmol) in dichloromethane (10 cm3). Yield 0.170 
g, 96%. 1H NMR data: δ 7.9 – 6.3 (m, arom. H), 5.3 – 5.0 (m, CH2), 3.0 – 2.6 (m, CH2), 1.8 
– 1.0 (m, Ad cage), 1.3 ppm (d, J = 2.0 Hz, CH3). Found C, 40.78; H, 4.41; N, 1.02. 
C40H50NO3P2Cl2Ir·4.5CH2Cl2 requires C, 41.11; H, 4.57; N, 1.08%. 
 
RuCl2(p-cymene){Ph2PCH2N(Ph)CH2PAd}AuCl 2.89. 
RuCl2(p-cymene){Ph2PPCH2N(Ph)CH2PAd} 2.87 (0.055 g, 0.050 mmol) and AuCl(tht) 
(0.016 g, 0.050 mmol) in dichloromethane (10 cm3). Yield 0.049 g, 93%. 1H NMR data: δ 
8.0 – 6.4 (m, arom. H), 5.2 – 4.7 (m, arom. H), 3.8 – 3.4 (m, CH2), 2.4 (m, CH), 2.2 – 1.2 
(m, Ad cage), 1.8 (s, CH3), 1.1 – 0.8 ppm (m, CH3). Found C, 46.26; H, 4.48; N, 1.06. 
C40H49NO3P2AuCl3Ru requires C, 45.40; H, 4.67; N, 1.32%. 
 
IrCl2(Cp*){Ph2PCH2N(Ph)CH2PAd}AuCl 2.90. 
IrCl2(Cp*){Ph2PCH2N(Ph)CH2PAd} 2.88 (0.081 g, 0.088 mmol) and AuCl(tht) (0.028 g, 
0.087 mmol) in dichloromethane (10 cm3). Yield 0.071 g, 77%. 1H NMR data: δ 7.8 – 6.4 
(m, arom. H), 5.3 – 4.9 (m, CH2), 3.6 – 3.2 (m, CH2), 2.2 – 1.0 (m, Ad cage), 1.3 ppm (d, J 
= 2.0 Hz, CH3). Found C, 41.69; H, 4.17; N, 1.20. C40H50NO3P2AuCl3Ir requires C, 41.77; 
H, 4.38; N, 1.20%. 
 
(AuCl)2{μ-AdPCH2N(Ph)CH2PPh2} 2.91. AdPCH2N(Ph)CH2PPh2 2.74 (0.117 g, 0.164 
mmol) and AuCl(tht) (0.105 g, 0.328 mmol) in dichloromethane (10 cm3). Yield 0.135 g, 
84%. 1H NMR data: δ 7.9 – 6.7 (m, arom. H), 5.1 – 4.8 (m, CH2), 4.6 – 4.2 (m, CH2), 2.4 – 
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1.0 ppm (m, Ad cage). Found C, 39.25; H, 3.76; N, 1.55. C30H35NO3P2Au2Cl2·0.75C6H14 
requires C, 39.50; H, 4.37; N, 1.34%. 
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6.3 Chapter 3 
 
Ph2PCH2N(H)iPr 3.1. Under nitrogen, a solution of Ph2PCH2OH (0.495 g, 1.83 mmol) in 
freeze thawed methanol (20 cm3) was canulated into a pressure equalizing dropping funnel 
above a freeze thawed solution of isopropylamine (0.552 g, 9.34 mmol) in methanol (20 
cm3). The solution was added, dropwise, over a period of 50 min and then stirred for 2 h. 
The solvent was evaporated to dryness under reduced pressure to give a yellow oil. 1H 
NMR data: δ 7.9 – 7.3 (m, arom. H), 3.7 (s, NH), 3.6 (d, J = 3.6 Hz, CH2), 3.0 (m, CH), 1.0 
ppm (d, J = 6.4 Hz, CH3). The 31P NMR spectrum showed a number of phosphorus(III) 
resonances with the desired product being approximately 65% pure. 
 
Ph2PCH2N(H)C5H4N 3.2. A solution of 2-aminopyridine (0.294 g, 3.12 mmol) and 
Ph2PCH2OH (0.735 g, 3.13 mmol) in freeze thawed methanol (30 cm3) was refluxed, under 
nitrogen, at 70 – 80 ºC for 65 h. The solution was concentrated to ca. 5 cm3 under reduced 
pressure and the resulting white solid filtered and dried in vacuo. Yield 0.542 g, 59%. 1H 
NMR data: δ 8.0 (d, J = 5.2 Hz, arom. H), 7.5 – 7.2 (m, arom. H), 6.5 (m, arom. H), 6.3 (d, 
J = 8.4 Hz, arom. H), 4.4 (s, NH), 4.0 ppm (m, CH2). Found C, 73.84; H, 5.63; N, 9.51. 
C18H17N2P requires C, 73.96; H, 5.86; N, 9.58%. 
 
Ph2PCH2N(H)Naphth 3.3. Under nitrogen, a solution of 1-aminonaphthalene (0.574 g, 
4.01 mmol) and Ph2PCH2OH (1.088 g, 4.03 mmol) in freeze thawed methanol (30 cm3) 
was stirred for 24 h. The solution was concentrated to approximately 10 cm3 under reduced 
pressure and the resulting white solid was filtered and dried in vacuo. Yield 1.127 g, 82%. 
1H NMR data: δ 7.9 – 6.7 (m, arom. H), 4.5 (s, NH), 4.0 ppm (d, J = 4.0 Hz, CH2). Found 
C, 80.71; H, 5.69; N, 4.17. C23H20NP requires C, 80.92; H, 5.90; N, 4.10%. 
 
Compounds 3.4 – 3.7 were prepared in a similar manner. 
 
Ph2PCH2N(H)4-ClC10H6 3.4. 1-amino-4-chloronaphthalene (0.518 g, 2.86 mmol) and 
Ph2PCH2OH (0.651 g, 2.86 mmol) in methanol (20 cm3). The solution was stirred for 6 d. 
Yield 0.716 g, 67%. 1H NMR data: δ 8.1 (d, J = 8.4 Hz, arom. H), 7.6 – 7.1 (m, arom. H), 
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6.6 (d, J = 8.0 Hz, arom. H), 4.3 (s, NH), 3.9 ppm (d, J = 4.0 Hz, CH2). Found C, 73.30; H, 
5.09; N, 3.77. C23H19NPCl requires C, 73.50; H, 5.10; N, 3.74%. 
 
Ph2PCH2N(H)4-BrC10H6 3.5. 1-amino-4-bromonaphthalene (1.548 g, 6.76 mmol) and 
Ph2PCH2OH (1.507 g, 6.76 mmol) in methanol (40 cm3). The solution was refluxed, under 
nitrogen, at 70 – 80 ºC for 6 d. Yield 1.720 g, 61%. 1H NMR data: δ 8.2 (d, J = 8.8 Hz, 
arom. H), 7.7 – 7.3 (m, arom. H), 6.7 (d, J = 8.4 Hz, arom. H), 4.5 (s, NH), 4.0 ppm (d, J = 
4.0 Hz, CH2). Found C, 65.44; H, 4.57; N, 3.37. C23H19NPBr requires C, 65.73; H, 4.56; N, 
3.33%. 
 
Ph2PCH2N(H)Quin 3.6. 5-aminoquinoline (0.964 g, 6.69 mmol) and Ph2PCH2OH (1.490 
g, 6.68 mmol) in methanol (10 cm3). The solution was stirred for 11 d. Yield 1.753 g, 77%. 
1H NMR data: δ 8.8 (m, arom. H) 7.9 – 7.1 (m, arom. H), 6.7 (d, J = 7.6 Hz, arom. H), 4.4 
(s, NH), 3.9 ppm (d, J = 4.4 Hz, CH2). Found C, 77.15; H, 5.64; N, 8.24. C22H19N2P 
requires C, 77.18; H, 5.59; N, 8.18%. 
 
Ph2PCH2N(H)2-fluor 3.7. Ph2PCH2OH (0.642 g, 2.55 mmol) and a freeze thawed solution 
of 2-aminofluorene (0.466 g, 2.57 mmol) in methanol (50 cm3). Yield 0.906 g, 93%. 1H 
NMR data: δ 7.6 – 6.5 (m, arom. H), 3.8 (d, J = 3.2 Hz, CH2), 3.8 (s, NH),  3.7 ppm (s, 
fluorCH2). Found C, 78.74; H, 5.84; N, 3.43. C26H22NP·CH3OH requires C, 78.81; H, 6.37; 
N, 3.40%. 
 
Ph2PCH2N(Naphth)PPh2 3.8. Under nitrogen, a small excess of lithium diisopropylamide 
(0.70 cm3 of a 2.0 M solution in THF/heptane/ethylbenzene) was added to a solution of 
Ph2PCH2N(H)Naphth 3.3 (0.458 g, 1.27 mmol) in freeze thawed THF (25 cm3) at -78 ºC. 
The solution was stirred, at -78 ºC, for 1 h and then warmed to room temperature and 
stirred for a further 1 h. Ph2PCl (0.23 cm3, 1.27 mmol) was added dropwise at -78 ºC and 
the solution stirred, at room temperature, for 1.5 h. The solvent was evaporated to dryness 
under reduced pressure and as a purification step degassed hexane (10 cm3) was added. The 
solution was stirred at room temperature for 6 h and filtered under nitrogen. The solvent 
was evaporated to dryness under reduced pressure to give a yellow solid. Yield 0.615 g, 
 187
92%. 1H NMR data: δ 8.0 – 6.7 (m, arom. H), 3.9 – 3.7 ppm (m, CH2). FAB MS: m/z 340 
[M – PPh2]+, 185 [PPh2]+. 
 
Ligands 3.9 – 3.11 were prepared in a similar manner. 
 
Ph2PCH2N(4-ClC10H6)PPh2 3.9. Lithium diisopropylamide (0.63 cm3 of a 2.0 M solution 
in THF/heptane/ethylbenzene), Ph2PCH2N(H)4-ClC10H6 3.4 (0.500 g, 1.14 mmol) and 
Ph2PCl (0.21 cm3, 1.15 mmol) in THF (15 cm3). In order to purify the crude product 
degassed hexane (20 cm3) was added and the solution stirred at room temperature for 5 h. 
The white solid was filtered under nitrogen and dried in vacuo. Yield 0.386 g, 60%. 1H 
NMR data: δ 8.1 (d, J = 8.4 Hz, arom. H), 8.0 (d, J = 8.4 Hz, arom. H), 7.5 – 6.9 (m, arom. 
H), 3.9 ppm (m, CH2). FAB MS: m/z 560 [M]+. 
 
Ph2PCH2N(4-BrC10H6)PPh2 3.10. Lithium diisopropylamide (0.62 cm3 of a 2.0 M 
solution in THF/heptane/ethylbenzene), Ph2CH2N(H)4-BrC10H6 3.5 (0.504 g, 1.12 mmol) 
and Ph2PCl (0.20 cm3, 1.09 mmol) in THF (15 cm3). To attain a product of increased purity 
degassed diethyl ether (20 cm3) was added and the solution stirred at room temperature for 
5 h. Under nitrogen, the white solid was filtered and dried in vacuo. Yield 0.279 g, 41%. 1H 
NMR data: δ 8.1 (d, J = 8.4 Hz, arom. H), 8.0 (d, J = 8.4 Hz, arom. H), 7.6 – 6.8 (m, arom. 
H), 6.6 (d, J = 8.4 Hz, arom. H), 3.9 ppm (m, CH2). FAB MS: m/z 605 [M + H]+. 
 
Ph2PCH2N(Quin)PPh2 3.11. Lithium diisopropylamide (0.76 cm3 of a 2.0 M solution in 
THF/heptane/ethylbenzene), Ph2PCH2N(H)Quin 3.6 (0.501 g, 1.38 mmol) and Ph2PCl 
(0.25 cm3, 1.36 mmol) in THF (15 cm3). To increase the purity of the crude ligand 
degassed diethyl ether (20 cm3) was added and the solution stirred at room temperature for 
5 h. Under nitrogen, the solution was filtered and evaporated to dryness under reduced 
pressure to give a yellow solid. Yield 0.471 g, 65%. 1H NMR data: δ 8.8 (m, arom. H), 8.3 
(d, J = 8.8 Hz, arom. H), 7.8 (d, J = 8.4 Hz, arom. H), 7.6 – 6.9 (m, arom. H), 6.7 (d, J = 7.6 
Hz, arom. H), 3.9 ppm (m, CH2). FAB MS: m/z 527 [M + H]+. 
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Ph2PCH2N(Naphth)PiPr2 3.12. Under nitrogen, a small excess of lithium 
diisopropylamide (0.85 cm3 of a 2.0 M solution in THF/heptane/ethylbenzene) was added 
to a solution of Ph2PCH2N(H)Naphth 3.3 (0.557 g, 1.55 mmol) in freeze thawed THF (25 
cm3) at -78 ºC. The solution was stirred, at -78 ºC, for 1 h and then warmed to room 
temperature and stirred for a further 1 h. iPr2PCl (0.25 cm3, 1.55 mmol) was added 
dropwise at -78 ºC and the solution stirred, at room temperature, for 1.5 h. The solvent was 
evaporated to dryness under reduced pressure and degassed dichloromethane (25 cm3) 
added. The solution was stirred at room temperature for 1 h and filtered through Celite 
under nitrogen. The solvent was evaporated to dryness under reduced pressure to give a 
yellow oil. Yield 0.665 g, 94%. 1H NMR data: δ 8.1 – 6.6 (m, arom. H), 4.4 (s, CH2), 2.1 – 
2.0 (m, CH), 1.0 – 0.9 ppm (m, CH3). FAB MS: m/z 456 [M – H]+. 
 
Ligands 3.13 – 3.16 were prepared in a similar manner. 
 
Ph2PCH2N(4-ClC10H6)PiPr2 3.13. Lithium diisopropylamide (0.73 cm3 of a 2.0 M 
solution in THF/heptane/ethylbenzene), Ph2PCH2N(H)4-ClC10H6 3.4 (0.500 g, 1.33 mmol) 
and iPr2PCl (0.21 cm3, 1.32 mmol) in THF (25 cm3). Yield 0.595 g, 91%. 1H NMR data: δ 
8.2 – 8.0 (m, arom. H), 7.5 – 7.0 (m, arom. H), 6.6 (d, J = 8.0 Hz, arom. H), 3.9 (m, CH2), 
2.1 – 1.9 (m, CH), 1.3 – 0.9 ppm (m, CH3). FAB MS: m/z 492 [M]+. 
 
Ph2PCH2N(Quin)PiPr2 3.14. Lithium diisopropylamide (0.81 cm3 of a 2.0 M solution in 
THF/heptane/ethylbenzene), Ph2PCH2N(H)Quin 3.6 (0.502 g, 1.47 mmol) and iPr2PCl 
(0.23 cm3, 1.45 mmol) in THF (15 cm3). Degassed diethyl ether (20 cm3) was added and 
the solution stirred at room temperature for 5 h. Under nitrogen, the solution was filtered 
and evaporated to dryness under reduced pressure to give a yellow solid. Yield 0.530 g, 
79% 1H NMR data: δ 8.8 – 8.7 (m, arom.H), 8.4 (d, J = 8.0 Hz, arom. H), 7.8 (d, J = 8.4 
Hz, arom. H), 7.7 (d, J = 8.4 Hz, arom. H), 7.6 – 7.0 (m, arom. H), 6.7 (d, J = 7.6 Hz, arom. 
H), 3.9 (m, CH2), 2.1 (m, CH), 1.3 – 0.9 ppm (m, CH3). FAB MS: m/z 459 [M + H]+. 
 
Ph2PCH2N(Naphth)PCy2 3.15. Lithium diisopropylamide (1.18 cm3 of a 2.0 M solution in 
THF/heptane/ethylbenzene), Ph2PCH2N(H)Naphth 3.3 (0.772 g, 2.15 mmol) and Cy2PCl 
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(0.500 g, 2.15 mmol) in THF (30 cm3). Yield 1.093 g, 95%. 1H NMR data: δ 8.1 – 6.7 (m, 
arom. H), 4.4 (s, CH2), 2.1 – 1.0 ppm (m, Cy H). FAB MS: m/z 536 [M – H]+. 
 
AdPCH2N(Ph)PPh2 3.16. Lithium diisopropylamide (0.72 cm3 of a 2.0 M solution in 
THF/heptane/ethylbenzene), AdPCH2N(H)Ph 2.67 (0.455 g, 1.32 mmol) and Ph2PCl (0.24 
cm3, 1.32 mmol) in THF (25 cm3). Yield 0.631 g, 94%. 1H NMR data: δ 7.8 – 6.6 (m, 
arom. H), 4.0 (dd, J = 15 Hz, J = 6.0 Hz, CH2) 3.4 (dd, J = 15 Hz, J = 5.2 Hz, CH2), 2.0 – 
1.0 ppm (m, Ad cage). FAB MS: m/z 505 [M]+. 
 
cis-PtCl2{Ph2PCH2N(H)Naphth}2 3.17. Ph2PCH2N(H)Naphth 3.3 (0.150 g, 0.439 mmol) 
was added to a solution of PtCl2(COD) (0.082 g, 0.219 mmol) in dichloromethane (10 
cm3). The solution was stirred at room temperature for 1 h and then concentrated to 
approximately 2 cm3 under reduced pressure. Diethyl ether (25 cm3) was added and the 
resulting yellow precipitate filtered and dried in vacuo. Yield 0.125 g, 94%. 1H NMR data: 
δ 8.0 – 7.0 (m, arom. H), 6.3 (d, J = 7.2 Hz, arom. H), 5.6 (s, NH), 4.4 ppm (s, CH2). FAB 
MS: m/z 913 [M – Cl]+. 
 
Complexes 3.18 – 3.32 were prepared in a similar manner with their respective Ru, Pt or Pd 
precursors. 
 
RuCl2(p-cymene){Ph2PCH2N(H)Naphth} 3.18. Ph2PCH2N(H)Naphth 3.3 (0.059 g, 0.168 
mmol) and [RuCl2(p-cymene)]2 (0.050 g, 0.082 mmol) in dichloromethane (10 cm3). The 
solution was stirred at room temperature for 45 min. Yield 0.078 g, 73%. 1H NMR data: δ 
7.9 (m, arom. H), 7.7 (d, J = 8.0 Hz, arom. H), 7.6 (d, J = 7.6 Hz, arom. H), 7.4 – 6.9 (m, 
arom. H), 6.3 (d, J = 7.2 Hz, arom. H), 5.3 (s, NH), 5.2 (d, J = 5.2 Hz, arom. H), 5.1 (d, J = 
6.0 Hz, arom. H), 4.4 (m, CH2), 2.5 (m, CH), 1.9 (s, CH3), 0.9 ppm (d, J = 7.2 Hz, CH3). 
Found C, 60.78; H, 5.63; N, 2.16. C33H34NPCl2Ru requires C, 61.21; H, 5.29; N, 2.16%. 
 
PtCl2{Ph2PCH2N(Naphth)PPh2} 3.19. Ph2PCH2N(Naphth)PPh2 3.8 (0.099 g, 0.122 
mmol) and PtCl2(COD) (0.046 g, 0.123 mmol) in dichloromethane (10 cm3). Yield 0.091 g, 
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93%. 1H NMR data: δ 7.9 – 5.9 (m, arom. H), 4.7 (m, CH2), 4.2 ppm (m, CH2). Found C, 
50.91; H, 3.95; N, 1.20. C35H29NP2Cl2Pt·0.5CH2Cl2 requires C, 51.12; H, 3.63; N, 1.68%. 
 
PtCl2{Ph2PCH2N(4-ClC10H6)PPh2} 3.20. Ph2PCH2N(4-ClC10H6)PPh2 3.9 (0.120 g, 0.122 
mmol) and PtCl2(COD) (0.046 g, 0.123 mmol) in dichloromethane (10 cm3). Yield 0.046 g, 
45%. 1H NMR data: δ 8.2 – 6.5 (m, arom. H), 4.6 – 4.4 ppm (m, CH2). Found C, 49.99; H, 
3.28; N, 1.70. C35H28NP2Cl3Pt·0.25CH2Cl2 requires C, 49.97; H, 3.39; N, 1.65%. 
 
PtCl2{Ph2PCH2N(4-BrC10H6)PPh2} 3.21. Ph2PCH2N(4-BrC10H6)PPh2 3.10 (0.091 g, 
0.142 mmol), PtCl2(COD) (0.053 g, 0.142 mmol) in dichloromethane (10 cm3). Yield 0.080 
g, 65%. 1H NMR data: δ 8.2 – 6.6 (m, arom. H), 4.5 ppm (m, CH2). Found C, 48.01; H, 
3.16; N, 1.60. C35H28NP2Cl2BrPt requires C, 48.30; H, 3.24; N, 1.61%. 
 
PtCl2{Ph2PCH2N(Quin)PPh2} 3.22. Ph2PCH2(Quin)PPh2 3.11 (0.107 g, 0.161 mmol) and 
PtCl2(COD) (0.060 g, 0.160 mmol) in dichloromethane (10 cm3). Yield 0.075 g, 59%. 1H 
NMR data: δ 8.6 – 6.4 (m, arom. H), 4.6 – 4.3 ppm (m, CH2). Found C, 51.15; H, 3.53; N, 
3.64. C34H28N2P2Cl2Pt requires C, 51.53; H, 3.56; N, 3.53%. 
 
PdCl2{Ph2PCH2N(Naphth)PPh2} 3.23. Ph2PCH2N(Naphth)PPh2 3.8 (0.136 g, 0.168 
mmol) and PdCl2(COD) (0.048 g, 0.168 mmol) in dichloromethane (10 cm3). Yield 0.092 
g, 78%. 1H NMR data: δ 8.3 – 6.5 (m, arom. H), 4.8 – 4.4 ppm (m, CH2). Found C, 58.95; 
H, 4.50; N, 1.54. C35H29NP2Cl2Pt·0.25CH2Cl2 requires C, 58.47; H, 4.11; N, 1.93%. 
 
PtCl2{Ph2PCH2N(Naphth)PiPr2} 3.24. Ph2PCH2N(Naphth)PiPr2 3.12 (0.110 g, 0.132 
mmol) and PtCl2(COD) (0.049 g, 0.131 mmol) in dichloromethane (10 cm3). Yield 0.074 g, 
78%. 1H NMR data: δ 8.2 – 6.9 (m, arom. H), 4.5 – 4.1 (m, CH2), 3.0 (m, CH), 1.5 – 1.2 
ppm (m, CH3). FAB MS: m/z 688 [M – Cl]+. 
 
PtCl2{Ph2PCH2N(4-ClC10H6)PiPr2 3.25. Ph2PCH2N(4-ClC10H6)PiPr2 3.13 (0.093 g, 0.104 
mmol) and PtCl2(COD) (0.038 g, 0.102 mmol) in dichloromethane (10 cm3). Yield 0.032 g, 
42%. 1H NMR data: δ 8.3 (d, J = 8.4 Hz, arom. H), 8.2 (m, arom. H), 7.9 – 7.1 (m, arom. 
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H), 4.5 – 4.1 (m, CH2), 3.0 (m, CH), 1.7 – 1.3 ppm (m, CH3). Found C, 44.24; H, 4.11; N, 
1.81. C29H32NP2Cl3Pt·0.5CH2Cl2 requires C, 44.27; H, 4.16; N, 1.75%. 
 
PtCl2{Ph2PCH2N(Quin)PiPr2} 3.26. Ph2PCH2N(Quin)PiPr2 3.14 (0.101 g, 0.170 mmol) 
and PtCl2(COD) (0.063 g, 0.168 mmol) in dichloromethane (10 cm3). Yield 0.072 g, 59%. 
1H NMR data: δ 8.8 (m, arom. H), 8.2 (m, arom. H), 8.0 (d, J = 8.4 Hz, arom. H), 7.8 – 6.9 
(m, arom. H), 4.4 – 4.1 (m, CH2), 3.0 (m, CH), 1.7 – 1.2 ppm (m, CH3). Found C, 47.33; H, 
4.29; N, 4.06. C28H32N2P2Cl2Pt·0.5(CH3CH2)2O requires C, 47.31; H, 4.90; N, 3.68%. 
 
PdCl2{Ph2PCH2N(Naphth)PiPr2} 3.27. Ph2PCH2N(Naphth)PiPr2 3.12 (0.146 g, 0.176 
mmol) and PdCl2(COD) (0.050 g, 0.175 mmol) in dichloromethane (10 cm3). Yield 0.104 
g, 94%. 1H NMR data: δ 8.2 – 6.8 (m, arom. H), 4.5 – 4.2 (m, CH2), 2.9 (m, CH), 1.7 – 1.3 
ppm (m, CH3). FAB MS: m/z 598 [M – Cl]+. 
 
PdCl2{Ph2PCH2N(4-ClC10H6)PiPr2} 3.28. Ph2PCH2N(4-ClC10H6)PiPr2 3.13 (0.103 g, 
0.115 mmol) and PdCl2(COD) in dichloromethane (10 cm3). Yield 0.071 g, 92%. 1H NMR 
data: δ 8.2 – 6.9 (m, arom. H), 4.5 – 4.2 (m, CH2), 3.0 – 2.8 (m, CH), 1.8 – 1.3 ppm (m, 
CH3). Found C, 52.76; H, 4.58; N, 2.36. C29H32NP2Cl3Pd·0.25(CH3CH2)2O requires C, 
52.39; H, 5.06; N, 2.04%. FAB MS: m/z 634 [M – Cl]+. 
 
PtCl2{Ph2PCH2N(Naphth)PCy2} 3.29. Ph2PCH2N(Naphth)PCy2 3.15 (0.077 g, 0.115 
mmol) and PtCl2(COD) (0.043 g, 0.115 mmol) in dichloromethane (10 cm3). Yield 0.058 g, 
63%. 1H NMR data: δ 8.2 – 7.0 (m, arom. H), 4.4 – 4.1 (m, CH2), 2.7 – 1.2 ppm (m, Cy H). 
Found C, 51.22; H, 4.84; N, 1.45. C35H41NP2Cl2Pt·0.25CH2Cl2 requires C, 51.33; H, 5.07; 
N, 1.70%. 
 
PtCl2{AdPCH2N(Ph)PPh2} 3.30. AdPCH2N(Ph)PPh2 3.16 (0.135 g, 0.176 mmol) and 
PtCl2(COD) (0.066 g, 0.176 mmol) in dichloromethane (10 cm3). Yield 0.096 g, 71%. 1H 
NMR data: δ 7.7 – 6.6 (m, arom. H), 4.2 – 4.0 (m, CH2), 3.6 – 3.4 (m, CH2), 2.0 – 1.2 ppm 
(m, Ad cage). Found C, 44.86; H, 4.14; N, 1.38. C29H33NP2O3Cl2Pt requires C, 45.15; H, 
4.31; N, 1.82%. 
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PdCl2{Ph2PCH2N(Naphth)PCy2} 3.31. Ph2PCH2N(Naphth)PCy2 3.15 (0.164 g, 0.226 
mmol) and PdCl2(COD) (0.064 g, 0.224 mmol) in dichloromethane (10 cm3). Yield 0.138 
g, 86%. 1H NMR data: δ 8.0 – 6.7 (m, arom. H), 4.4 – 4.2 (m, CH2), 2.7 – 0.9 ppm (m, Cy 
H). Found C, 55.91; H, 5.16; N, 2.19. C35H41NP2Cl2Pt·0.5CH2Cl2 requires C, 56.29; H, 
5.59; N, 1.85%. 
  
PdCl2{AdPCH2N(Ph)PPh2} 3.32. AdPCH2N(Ph)PPh2 3.16 (0.153 g, 0.200 mmol) and 
PdCl2(COD) (0.057 g, 0.200 mmol) in dichloromethane (10 cm3). Yield 0.074 g, 54%. 1H 
NMR data: δ 7.8 – 6.7 (m, arom. H), 4.3 – 4.1 (m, CH2), 3.9 – 3.5 (m, CH2), 2.0 – 1.3 ppm 
(m, Ad cage). Found C, 50.02; H, 4.79; N, 2.06. C29H33NP2O3Cl2Pd·0.25CH2Cl2 requires 
C, 49.90; H, 4.80; N, 1.99%. 
 
(AuCl)2{μ-Ph2PCH2N(Naphth)PPh2} 3.33. Ph2PCH2N(Naphth)PPh2 3.8(0.060 g, 0.084 
mmol) was added to a solution of AuCl(tht) (0.054 g, 0.168 mmol) in dichloromethane (10 
cm3). The solution was stirred in the dark at room temperature for 45 min and then 
concentrated to approximately 2 cm3 under reduced pressure. Diethyl ether (25 cm3) was 
added and the subsequent white precipitate filtered and dried in vacuo. Yield 0.050 g, 60%. 
1H NMR data: δ 7.8 – 6.9 (m, arom. H), 5.1 – 4.6 ppm (m, CH2). Found C, 41.56; H, 2.91; 
N, 1.42. C35H29NP2Cl2Au2·0.25CH2Cl2 requires C, 41.85; H, 2.94; N, 1.38%. 
 
Complexes 3.34 – 3.36 were prepared in a similar manner from the corresponding Au or Ru 
precursors. 
 
(AuCl)2{μ-Ph2PCH2N(Naphth)PCy2} 3.34. Ph2PCH2N(Naphth)PCy2 3.15 (0.073 g, 0.109 
mmol) and AuCl(tht) (0.070 g, 0.218 mmol) in dichloromethane (10 cm3). Diethyl ether (25 
cm3) and hexane (25 cm3) were both required to precipitate the desired product. Yield 0.069 
g, 63%. 1H NMR data: δ 8.0 – 7.0 (m, arom. H), 4.8 (d, J = 12 Hz, CH2), 2.5 – 0.8 ppm (m, 
Cy H). Found C, 41.05; H, 3.76; N, 1.05. C35H41NP2Cl2Au2·0.25CH2Cl2 requires C, 40.65; 
H, 4.02; N, 1.34%. 
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[RuCl2(p-cymene)]2{μ-Ph2PCH2N(Naphth)PPh2} 3.35. Ph2PCH2N(Naphth)PPh2 3.8 
(0.223 g, 0.212 mmol) and [RuCl2(p-cymene)]2 (0.065 g, 0.106 mmol) in dichloromethane 
(10 cm3). Diethyl ether (25 cm3) and hexane (25 cm3) were both required to precipitate the 
required product. Yield 0.075 g, 62%. 1H NMR data: δ 7.9 – 6.2 m, (arom. H), 5.3 – 4.8 (m, 
CH2), 2.6 – 2.2 (m, CH), 1.9 (s, CH3) 0.9 ppm (d, J = 6.8 Hz, CH3). Found C, 58.55; H, 
5.02; N, 1.58. C55H57NP2Cl4Ru2 requires C, 58.05; H, 5.05; N, 1.23%. 
 
[RuCl2(p-cymene)]2{μ-Ph2PCH2N(Naphth)PCy2} 3.36. 
Ph2PCH2N(Naphth)PCy2 3.15 (0.156 g, 0.215 mmol) and [RuCl2(p-cymene)]2 (0.066 g, 
0.108 mmol) in dichloromethane (10 cm3). Yield 0.090 g, 49%. 1H NMR data: δ 7.9 – 6.7 
(m, arom. H), 5.5 – 4.7 (m, CH2), 2.4 (m, CH), 2.3 – 1.0 (m, Cy H), 1.9 (s, CH3) 1.0 – 0.8 
ppm (m, CH3). Found C, 58.01; H, 5.93; N, 1.70. C55H69NP2Cl4Ru2 requires C, 57.44; H, 
6.05; N, 1.22%. 
 
Cr(CO)4{Ph2PCH2N(Naphth)PPh2} 3.37. A solution of Ph2PCH2N(Naphth)PPh2 3.8 
(0.140 g, 0.197 mmol) and Cr(CO)4(nbd) (0.051 g, 0.199 mmol) in freeze thawed THF (20 
cm3) was heated, under nitrogen, at 50 ºC for 1 h. Upon cooling the solvent was evaporated 
to dryness under reduced pressure. Yield 0.096 g, 70%. 1H NMR data: δ 7.8 – 6.6 (m, 
arom. H), 3.7 ppm (m, CH2). FAB MS: m/z 605 [M – 3CO]+, 577 [M – 4CO]+. 
 
Complexes 3.38 – 3.43 were synthesised in a similar manner to 3.37. 
 
Cr(CO)4{Ph2PCH2N(4-ClC10H6)PPh2} 3.38. Ph2PCH2N(4-ClC10H6)PPh2 3.9 (0.184 g, 
0.233 mmol) and Cr(CO)4(nbd) (0.060 g, 0.234 mmol) in THF (20 cm3). Yield 0.085 g, 
50%. 1H NMR data: δ 8.2 – 8.0 (m, arom. H), 7.8 – 6.7 (m, arom. H), 3.7 ppm (m, CH2). 
FAB MS: m/z 696 [M – CO]+, 668 [M – 2CO]+. 
 
Cr(CO)4{Ph2PCH2N(4-BrC10H6)PPh2} 3.39. Ph2PCH2N(4-BrC10H6)PPh2 3.10 (0.150 g, 
0.233 mmol) and Cr(CO)4(nbd) (0.060 g, 0.234 mmol) in THF (20 cm3). Yield 0.084 g, 
47%. 1H NMR data: δ 8.1 – 6.0 (m, arom. H), 4.6 – 4.2 ppm (m, CH2). FAB MS: m/z 656 
[M – 4CO]+. 
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Cr(CO)4{Ph2PCH2N(Quin)PPh2} 3.40. Ph2PCH2N(Quin)PPh2 3.11 (0.216 g, 0.304 mmol) 
and Cr(CO)4(nbd) (0.078 g, 0.304 mmol) in THF (20 cm3). Yield 0.190 g, 91%. 1H NMR 
data: δ 8.8 – 8.5 (m, arom. H), 8.0 – 6.6 (m, arom. H), 4.7 – 4.1 ppm (m, CH2). FAB MS: 
m/z 578 [M – 4CO]+. 
 
Cr(CO)4{Ph2PCH2(4-ClC10H6)PiPr2} 3.41. Ph2PCH2(4-ClC10H6)PiPr2 3.13 (0.150 g, 
0.235 mmol) and Cr(CO)4(nbd) (0.060 g, 0.234 mmol) in THF (20 cm3). Yield 0.147 g, 
96%. 1H NMR data: δ 8.2 (d, J = 8.4 Hz, arom. H), 8.1 (m, arom. H), 7.8 – 6.5 (m, arom. 
H), 4.5 – 4.0 (m, CH2), 2.8 – 2.0 (m, CH), 1.4 – 0.8 ppm (m, CH3). FAB MS: m/z 571 [M – 
3CO]+, 543 [M – 4CO]+. 
 
Cr(CO)4{Ph2PCH2N(Naphth)PCy2} 3.42. Ph2PCH2N(Naphth)PCy2 3.15 (0.142 g, 0.195 
mmol) and Cr(CO)4(nbd) (0.050 g, 0.195 mmol) in THF (20 cm3). Yield 0.105 g, 77%. 1H 
NMR data: δ 7.9 – 6.7 (m, arom. H), 4.6 – 4.0 (m, CH2), 2.5 – 1.0 ppm (m, Cy H). FAB 
MS: m/z 589 [M – 4CO]+. 
 
Cr(CO)4{AdPCH2N(Ph)PPh2} 3.43. AdPCH2N(Ph)PPh2 3.16 (0.170 g, 0.225 mmol) and 
Cr(CO)4(nbd) (0.058 g, 0.226 mmol) in THF (20 cm3). Yield 0.135 g, 89%. 1H NMR data: 
δ 7.8 – 6.5 (m, arom. H), 3.7 (m, CH2), 2.2 – 1.0 ppm (m, Ad cage). FAB MS: m/z 585 [M 
– 3CO]+, 557 [M – 4CO]+. 
 
PtCl2{AdPCH2OPPh2} 3.44. Under nitrogen, a solution of AdPCH2OH 2.27 (0.080 g, 
0.283 mmol) in dry degassed CH2Cl2 (5 cm3) and a solution of Ph2PCl (0.063 g, 0.286 
mmol) in dry degassed CH2Cl2 (5 cm3) were added, simultaneously, to a third solution, of 
PtCl2(COD) (0.106 g, 0.283 mmol) in dry degassed CH2Cl2 (20 cm3). The solution was 
stirred for 30 min and then concentrated to approximately 2 cm3 under reduced pressure. 
Diethyl ether (25 cm3) was added and the resultant white precipitate was filtered and dried 
in vacuo. Yield 0.102 g, 56%. 1H NMR data: δ 8.0 – 7.4 (m, arom. H), 4.8 – 4.5 (m, CH2), 
3.7 – 3.3 (m, CH2), 2.4 – 1.3 ppm (m, Ad cage). Found C, 38.27; H, 3.87; N, 0.19. 
C23H28P2O4Cl2Pt·0.5CH2Cl2 requires C, 38.20; H, 3.96%. 
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Complexes 3.45 – 3.47 and 3.30 were prepared in a similar manner using the respective Pt 
or Pd precursor. 
 
PtCl2{AdPCH2OPiPr2} 3.45. AdPCH2OH 2.27 (0.118 g, 0.412 mmol), iPr2PCl (0.063 g, 
0.413 mmol) and PtCl2(COD) (0.154 g, 0.412 mmol) in CH2Cl2 (25 cm3). Yield 0.145 g, 
56%. 1H NMR data: δ 4.6 – 4.4 m, (CH2), 3.8 – 3.4 (m, CH2), 2.8 – 2.5 (m, CH), 2.1 – 1.3 
(m, Ad cage), 1.3 – 1.1 ppm (m, CH3). Found C, 32.73; H, 4.96. C17H32P2O4Cl2Pt requires 
C, 32.49; H, 5.13%. 
 
PtCl2{AdPCH2OP(O,O-O3C7H4)} 3.46. AdPCH2OH 2.27 (0.085 g, 0.297 mmol), 2-
chloro-1,3,2-benzodioxaphosporin-4-one (0.060 g, 0.296 mmol) and PtCl2(COD) (0.111 g, 
0.297 mmol) in dichloromethane (25 cm3). Yield 0.153 g, 76%. 1H NMR data: δ 8.1 (dd, J 
= 8.0 Hz, J = 1.6 Hz, arom. H), 8.0 – 7.1 (m, arom. H), 7.0 (d, J = 8.4 Hz, arom. H), 6.9 (t, 
J = 15 Hz, arom. H), 4.7 – 4.5 (m, CH2), 3.5 – 3.1 (m, CH2), 2.3 – 1.2 ppm (m, Ad cage). 
FAB MS: m/z 633 [M – Cl]+. 
 
PdCl2{AdPCH2OPPh2} 3.47. AdPCH2OH 2.27 (0.103 g, 0.364 mmol), Ph2PCl (0.080 g, 
0.363 mmol) and PdCl2(COD) (0.103 g, 0.361 mmol) in CH2Cl2 (30 cm3). Yield 0.184 g, 
91%. 1H NMR data: δ 8.1 – 7.4 (m, arom. H), 4.9 – 4.6 (m, CH2), 3.8 – 3.4 (m, CH2), 2.1 – 
1.2 ppm (m, Ad cage). Found C, 45.32; H, 4.63. C23H28P2O4Cl2Pd requires C, 45.46; H, 
4.64%. 
 
PtCl2{AdPCH2N(Ph)PPh2} 3.30. AdPCH2N(H)Ph 2.67 (0.100 g, 0.277 mmol), Ph2PCl 
(0.061 g, 0.276 mmol) and PtCl2(COD) (0.103 g, 0.275 mmol) in dichloromethane (30 
cm3). Yield 0.123 g, 58%. 1H NMR data: δ 8.1 – 6.7 (m, arom. H), 4.3 – 4.1 (m, CH2), 3.7 
– 3.4 (m, CH2), 2.4 – 1.2 ppm (m, Ad cage). Found C, 42.77; H, 4.41; N, 1.93. 
C29H33NP2O3Cl2Pt·0.75CH2Cl2 requires C, 42.78; H, 4.16; N, 1.68%. 
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6.4 Chapter 4 
 
Ph2PN(H)iPr 4.1. Under nitrogen, Ph2PCl (1.204 g, 5.46 mmol) was added with a syringe, 
at 0 ºC, to a freeze thawed solution of isopropylamine (0.645 g, 10.9 mmol) in toluene (20 
cm3). The mixture was stirred for ca. 3 h and a white precipitate of [iPrNH3]Cl formed. The 
salt was filtered under nitrogen and the solvent evaporated to dryness, leaving a colourless 
oil. 1H NMR data: δ 7.4 – 7.1 (m, arom. H), 3.2 (m, CH), 1.7 (s, NH) 1.0 ppm (d, J = 6.4 
Hz, CH3).  
 
Ph2PN(H)Ph 4.2. Under nitrogen, a solution of aniline (10.627 g, 0.11 mol) in dry toluene 
(20 cm3) was freeze thawed and placed in a pressure equalizing dropping funnel. A solution 
of Ph2PCl (12.546 g, 0.06 mol) in freeze thawed dry toluene (10 cm3) was prepared. The 
Ph2PCl solution was cooled to ~0 ºC and the aniline solution added, dropwise, over a period 
of 20 min. The mixture was stirred at this temperature for 20 h and a white precipitate 
[PhNH3]Cl formed. This was filtered under nitrogen and the solvent evaporated to dryness, 
leaving a white solid. 1H NMR data: δ 7.5 – 6.6 (m, arom. H), 4.3 ppm (s, NH). FAB MS: 
m/z 277 [M]+. 
 
Ph2PN(H)Naphth 4.3. 4.3 was synthesised using a literature procedure.131 Under nitrogen a 
solution of 1-aminonaphthalene (3.404 g, 0.024 mol) and triethylamine (2.429 g, 0.024 
mol) in dry toluene (20 cm3) was freeze thawed and placed in a pressure equalizing 
dropping funnel. A solution of Ph2PCl (5.252 g, 0.024 mol) in freeze thawed dry toluene 
(10 cm3) was also prepared. The Ph2PCl solution was cooled to ~0 ºC and the amine 
solution added, dropwise, over a period of 20 min. The mixture was stirred at this 
temperature for 24 h and a white precipitate of [NEt3H]Cl formed. The salt was filtered 
under nitrogen and the solvent evaporated to dryness, leaving an off-white solid. The crude 
product was purified by washing with absolute ethanol (3 x 15 cm3) 1H NMR data: δ 7.8 – 
7.0 (m, arom. H), 4.9 ppm (s, NH). FAB MS: m/z 327 [M]+. 
 
Ph2PN(iPr)PPh2 4.4. Under nitrogen, triethylamine (4 cm3) was added to a freeze thawed 
solution of isopropylamine (0.161 g, 2.72 mmol) in toluene (15 cm3). The solution was 
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cooled to 0ºC and Ph2PCl (1.204 g, 5.46 mmol) was added with a syringe. The [NEt3H]Cl 
was filtered under nitrogen and the solvent evaporated to dryness to give a white solid. 1H 
NMR data: δ 7.9 – 7.1 (m, arom. H), 3.7 (m, CH), 1.1 ppm (d, J = 6.4 Hz, CH3). 
 
Ph2PN(Ph)PPh2 4.5. Under nitrogen, Ph2PCl (5.112 g, 0.023 mol) in freeze thawed dry 
Et2O (20 cm3) was placed in a pressure equalizing dropping funnel. This was added to a 
solution of freeze thawed aniline (1.090 g, 0.012 mol), dry Et2O (50 cm3) and triethylamine 
(2.359 g, 0.023 mol) in a round bottom Schlenk flask. The aniline solution was cooled to 
~0ºC and the contents of the funnel added, dropwise, over a period of 30 min. The mixture 
was stirred at this temperature for 19 h and the solvent evaporated to dryness leaving a 
white solid. Degassed distilled water (100 cm3) was added and the resulting mixture stirred 
for 30 min. The white product was filtered and washed with degassed methanol (2 x 15 
cm3) and air dried. Yield 3.774 g, 71%. 1H NMR data: δ 7.9 – 6.5 ppm (m, arom. H). Found 
C, 77.79; H, 5.55; N, 2.80. C30H25NP2 requires C, 78.08; H, 5.46; N, 3.04%. 
 
Ligands 4.6 and 4.7 were prepared in a similar manner. 
 
Ph2PN(Naphth)PPh2 4.6. Ph2PCl (5.523 g, 0.025 mol), 1-aminonaphthalene (1.812 g, 
0.013 mol) and triethylamine (2.547 g, 0.025 mol) in dry Et2O (80 cm3). Yield 4.445 g, 
69%. 1H NMR data: δ 7.7 – 6.5 ppm (m, arom. H). Found C, 78.81; H, 5.42; N, 2.69. 
C34H27NP2·0.5(CH3CH2)2O requires C, 78.82; H, 5.87; N, 2.55%. FAB MS: m/z 327 (M – 
PPh2), 185 (PPh2). 
 
Ph2PN(CH2C10H7)PPh2 4.7. Ph2PCl (4.473 g, 0.020 mol), 1-naphthalenemethylamine 
(1.576 g, 0.010 mol) and triethylamine (2.102 g, 0.020 mol) in dry Et2O (70 cm3). Yield 
2.471 g, 46%. 1H NMR data: δ 7.8 – 7.1 (m, arom. H), 4.6 ppm (t, CH2). Found C, 78.03; 
H, 5.35; N, 2.69. C35H29NP2 requires C, 77.54; H, 5.96; N, 2.51%. 
 
cis-PtCl2{Ph2PN(H)iPr}2 4.8. Ph2PN(H)iPr 4.1 (0.066 g, 0.244 mmol) was added to a 
solution of PtCl2(COD) (0.046 g, 0.123 mmol) in dichloromethane (10 cm3). The solution 
was stirred for 1 h and concentrated to approximately 2 cm3 under reduced pressure. Et2O 
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(30 cm3) was added and the resulting white precipitate filtered and dried in vacuo. Yield 
0.045 g, 49%. 1H NMR data: δ 7.6 – 7.3 (m, arom. H), 3.9 (m, NH), 2.7 (m, CH), 0.7 ppm 
(d, J = 6.4 Hz, CH3). Found C, 44.41; H, 4.24; N, 3.26. C30H36N2P2PtCl2·CH2Cl2 requires 
C, 44.51; H, 4.58; N, 3.35%. 
 
Complexes 4.9 – 4.14 were prepared in a similar manner to 4.8 using the respective PtII and 
PdII precursors. 
 
cis-PtCl2{Ph2PN(H)Ph}2 4.9. Ph2PN(H)Ph 4.2 (0.162 g, 0.514 mmol) and PtCl2(COD) 
(0.096 g, 0.257 mmol) in dichloromethane (10 cm3). Yield 0.117 g, 56%. 1H NMR data: δ 
8.0 – 6.2 ppm (m, arom. H). Found C, 53.28; H, 4.02; N, 3.36. C36H32N2P2PtCl2 requires C, 
52.69; H, 3.93; N, 3.41%. 
 
PtCl2{Ph2PN(iPr)PPh2} 4.10. Ph2PN(iPr)PPh2 4.4 (0.134 g, 0.257 mmol) and PtCl2(COD) 
(0.095 g, 0.254 mol) in dichloromethane (10 cm3). Yield 0.083 g, 47%. 1H NMR data: δ 8.2 
– 7.2 (m, arom. H), 3.6 (m, CH), 0.7 ppm (d, J = 6.8, CH3). Found C, 46.50; H, 3.67; N, 
2.32. C27H27NP2PtCl2 requires C, 46.77; H, 3.92; N, 2.02%. 
 
PtCl2{Ph2PN(Ph)PPh2} 4.11. Ph2PN(Ph)PPh2 4.5 (0.147 g, 0.286 mmol) and PdCl2(COD) 
(0.107 g, 0.286 mmol) in dichloromethane (10 cm3). 1H NMR data: δ 8.2 – 6.4 ppm (arom. 
H). FAB MS: m/z 688 [M – H]+. 
 
PtCl2{Ph2PN(Naphth)PPh2} 4.12. Ph2PN(Naphth)PPh2 4.6 (0.118 g, 0.198 mmol) and 
PtCl2(COD) (0.074 g, 0.198 mmol) in dichloromethane (10 cm3). Yield 0.112 g, 73%. 1H 
NMR data: δ 7.9 – 7.1 (m, arom. H), 6.8 – 6.5 ppm (m, arom. H). Found C, 46.77; H, 3.16; 
N, 1.68. C34H27NP2Cl2Pt·1.5CH2Cl2 requires C, 47.11; H, 3.34; N, 1.55%. 
 
PtCl2{Ph2PN(CH2C10H7)PPh2} 4.13. Ph2PN(CH2C10H7)PPh2 4.7 (0.133 g, 0.253 mmol) 
and PtCl2(COD) (0.092 g, 0.246 mmol) in dichloromethane (10 cm3). Yield 0.174 g, 89%. 
1H NMR data: δ 7.9 – 6.6 (m, arom. H), 4.7 ppm (m, CH2). FAB MS: m/z 756 [M – Cl]+. 
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PdCl2{Ph2PN(iPr)PPh2} 4.14. Ph2PN(iPr)PPh2 4.4 (0.083 g, 0.107 mmol) and PdCl2(COD) 
(0.033 g, 0.116 mmol) in dichloromethane (10 cm3). Yield 0.056 g, 80%. 1H NMR: δ 8.1 – 
7.4 (m, arom. H), 3.8 (m, CH), 0.9 ppm (d, J = 6.4 Hz, CH3). FAB MS: m/z 569 [M – Cl]+. 
 
Cr(CO)4{Ph2PN(Naphth)PPh2} 4.15. Under nitrogen a solution of Ph2PN(Naphth)PPh2 
4.6 (0.118 g, 0.189 mmol) and Cr(CO)4(nbd) (0.049 g, 0.191 mmol) in freeze thawed THF 
(20 cm3) was heated at 50 ºC for 1 h. Upon cooling the solution was evaporated to dryness 
under reduced pressure. Yield 0.075 g, 58%. 1H NMR data: δ 7.8 – 6.9 (m, arom. H), 6.8 
(d, J = 8.4 Hz, arom. H), 6.4 ppm (t, J = 15 Hz, arom. H). Found C, 66.95; H, 4.01; N, 2.09. 
C38H27NP2O4Cr requires C, 67.56; H, 4.03; N, 2.07%. FAB MS: m/z 675 [M]+. 
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